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Thin film heterojunction solar cells based on CuSb(S,Se)2 absorbers are investigated for
two primary reasons. First, antimony is more abundant and less expensive than elements
used in current thin film photovoltaics, In, Ga, and Te, and so, successful integration of Sb
based materials offers greater diversification and scalability of solar energy. Second, the
CuSb(S,Se)2 ternary is chemically, electronically, and optically similar to the well-known,
high efficiency, CuIn(S,Se)2 based materials. It is therefore postulated that the copper
antimony ternaries will have similar defect tolerant electronic transport that may allow for
similar highly efficient photoconversion. However, CuSb(S,Se)2 forms a layered crystal
structure, different from the tetrahedral coordination found in conventional solar absorbers,
due to the non-bonding lone pair of electrons on the antimony site. Thus examination of 2D
antimony ternaries will lend insight into the role of structure in photoconversion processes.
To address these questions, the semiconductors of interest (CuSbS2 & CuSbSe2) were
first synthesized on glass by combinatorial methods, to more quickly optimize process condi-
tions. Radio-frequency (RF) magnetron co-sputtering from Sb2(S,Se)3 and Cu2(S,Se) targets
were used, without rotation, to produce chemical and flux graded libraries which were then
subjected to high throughput characterization of structure (XRD), composition (XRF), con-
ductivity (4pp), and optical absorption (UV/Vis/NIR). This approach rapidly identified
processes that generated phase pure material with tunable carrier concentration by apply-
ing excess Sb2(S,Se)3 within a temperature window bound by the volatility of Sb2(S,Se)3
and stability of the ternary phase. The resulting phase pure thin films were then incor-
porated into the traditional CuInGaSe2 (CIGS) substrate photovoltaic (PV) architecture,
and the resulting device performance was correlated to gradients in composition, sputter
flux, absorber thickness, and grain orientation. This combinatorial work was complimented
by individual measurements of photoluminescence (PL), capacitance-voltage (CV), external
iii
quantum efficiency (EQE), terahertz (THz) spectroscopy, and photoelectrochemical (PEC)
measurements.
CuSbS2-based libraries produced devices with just 1% power conversion efficiency, mainly
limited by high levels of recombination associated with high density of shallow trap states.
Conversely, the selenide variant showed more promise, with initial cells producing signifi-
cantly more photocurrent, nearly 60% of the theoretical maximum, and likewise 5% efficient
devices, mainly due to fewer trap states. However, the selenide is still limited by short
carrier diffusion lengths, therefore demonstrating that structure does seem to play limiting
role in photoconversion processes. Overall, the CuSb(S,Se)2 material system is only likely
to merit further exploration if it can be incorporated into an alternate device structure less
dependent on collection by diffusion. There is a small possibility that oriented selenide
films with anisotropic carrier lifetimes could improve performance, though this is unlikely
considering initial oriented sulfide films did not demonstrate much improved performance.
This work demonstrated the utility of the combinatorial device fabrication applied to the
search for new, scalable photovoltaic materials. An innovative chemical system was quickly
explored in-depth and optimized for devices; continued efforts of this type are likely to pro-
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The goal of this thesis is to expand our current understanding of solid materials for solar
energy conversion, a process which, fundamentally, occurs at the quantum level. Like so much
of quantum physics, it is perhaps not initiative that solid materials would even be capable of
solar energy conversion. However, as science continues its relentless inquiry into the physical
nature of the universe, we stumble upon such strange phenomena, and then work to refine
and push our understanding. Such was the case inside a science lab of Kings College London,
in 1876, where William Grylls Adams and his student Richard Evans Day, discovered the
curious photovoltaic effect[1]. They found that illuminating a junction between selenium and
platinum produced an electro-motive force, without the addition of heat or any moving parts.
Today, more than 100 years later, this effect is the subject of massive research investment,
as it, combined with the enormous solar energy resource, holds some promise meeting all
of societys energy needs; sustainable for countless future generations. By exploiting and
refining our knowledge of this photovoltaic effect, civilization has the opportunity to make
the evolutionary quantum leap from a limited and hazardous energy source, to an abundant
and safe energy source. A similar leap was accomplished by cyanobacteria some 2.7 billion
years ago when it first exploited photosynthesis[2], later giving rise to all life on earth. The
implications of harnessing the photovoltaic effect are of course unknown and may not be as
far reaching, but the potential gains easily motivate further study. Where it was originally
a selenium/platinum interface, the focus of this study is the interface of a copper antimony
chalcogenide with cadmium sulfide.
1.1 The Current Limited and Hazardous Energy Paradigm
Energy is an interesting concept. It is habitually used in both scientific and casual
discussions, yet is rarely defined. In fact, it is more of a mathematical concept intimately tied
1
to the Hamiltonian reformulation of classical mechanics, that is, the mathematics of motion.
Rather than requiring a sum of sometimes-elusive vector forces, Hamiltonian mechanics
starts from a much simpler scalar quantity, and uses vector calculus to then calculate the
forces and subsequent object motion (and only works if said scalar quantity is conserved;
cannot be created or destroyed). It is this abstract, scalar quantity, combined with the
concept of unusable heat, that defines an energy,” Yet, this mathematical abstraction has
such importance, modern civilization requires about 15x1012 Joules of it every second[3] (15
Terawatts). This demand is growing, and is predicted to double by 2050[4].
Of course, a large number means nothing without context. To put it into perspective,
the bulk of this demand is met by transforming energy stored in chemical bonds of natural
gas, oil, and coal. The oxidation of these C-C and C-H bonds is an exothermic reaction,
producing usable work and heat, and H2O + CO2 as the primary products. The energy
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Figure 1.1: Flat production of finite fossil fuel resources.
World resources of the reactants are already being depleted. Figure 1.1 displays data from
the U.S. Energy Information Administration, showing a peak in production of conventional
2
U.S. oil and gas appears close to 1970. This peak, first described by Marion King Hubbert,
occurs with any finite resource; when stockpiles begin to deplete, the rate at which they
can be extracted declines[5]. The increase after 2007 is associated with unconventional oil
and gas. It is unclear how sustainable that increase will be, as it requires a high price to
be profitable. It is clear, however, that all fossil fuel resources are finite, and thus, will
become depleted, just like U.S. conventional oil and gas did in 1970. Likewise, the product
yield of breaking those carbon bonds is on the order of the earths atmosphere, altering the
level of atmospheric CO2. Since 1900, when industrial level burning of fossil fuels first began,
global CO2 concentrations have risen 35%.[6] Given that CO2 is capable of absorbing infrared
radiation emitted from the earth surface, it is hypothesized that this rise in atmospheric CO2
is causing an associated rise in average global temperature. This is a difficult hypothesis to
prove, and so the implications of changing global atmospheric composition remain uncertain.
It is certain however, that changing atmospheric CO2 levels is a gamble, and perhaps not a
necessary gamble.
1.2 An Abundant and Safe Alternative
There are not many resources capable meeting this 15 Terawatt (TW) power demand,
even fewer capable of meeting the 30 TW needed by 2050. For example, nuclear energy might
be considered an alternative resource, but, it would require one new nuclear power plant,
every day, for 27 years, in order to generate just 10 TW.[6] This task is not possible due to
the technological complexity of nuclear facilities; not to mention the dangers of meltdowns
and nuclear waste. Renewables, such as wind, hydroelectric, biomass, and geothermal, have
similar limitations. The amount of these resources that is practically available for exploita-
tion is estimated to be only 10 TW.[3] Solar energy, however, is one renewable that can meet
the 15 TW demand with an overwhelming amount of power to spare. More than 165,000
TW of sunshine illuminate the earth surface at any given moment, 600 TW of which can be
practically harnessed.[3] Exploitation of the solar resource is therefore poses two solutions
to the current dangerous and limited energy paradigm. The danger is alleviated because,
3
if done correctly, solar can be harnessed without dangerous byproducts. Additionally, the
limited nature of our current paradigm can be expanded considerably, leaving room for fu-
ture population and economic growth. The question then becomes how to best exploit the
resource.
The first method of successfully harnessing solar energy, originally pioneered in the mid-
1800s,[7] is solar thermal. This involves the direct conversion of sunlight to heat, followed by
any number of heat engine designs to transform the heat into work. As such, the heat engine,
theoretically described by Carnot, limits the technology. Efficiency scales with the difference
between heat in and heat out, requiring either very large heat input, or an engineering battle
against the second law of thermodynamics to decrease heat out, both of which increase
complexity and cost, quickly making the economics difficult, though promising research in
this area continues. A potentially more elegant solution is to directly convert solar energy
into electricity using Adams and Day’s photovoltaic effect.
With no moving parts or necessary subsystems, the relative simplicity of photovoltaic
technology makes it easier to scale to TW levels. The difficulty arises from the dilute nature of
the solar resource. While 165,000 TW is a lot, it is spread over the entire illuminated surface
of the planet, making the resource quite dilute. On average, there is only 1000 daylight Watts
available over any square meter. Capturing more of the solar resource therefore requires one
of two things, more area, or higher efficiency devices capable capturing more power for the
same unit of area. These two challenges outline the two motivations of this thesis.
1.3 Economic Motivation
Capturing more area is a manufacturing and cost challenge. Current module efficiencies
of 15% translate to 150 Watts of captured power per square meter, therefore requiring 1011
m2 of solar modules to produce 15 TW. This is feasible, as current industrial production
of flat glass is on the order of 109 m2 every year.[3] However, contrary to glass each of the
three major solar cell materials contain rare materials, which will face similar Hubbert Peak
limitations when scaled to the tens of Terawatts scale. As an example, at 20% efficiency,
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the CuInGaSe2 based solar cell would require ∼60,000 metric tons of indium to produce 10
TW of power.[8] This is a challenge as current worldwide production of indium is two orders
of magnitude less, about 600 metric tons,[9] and indium is currently in high demand for
popular touch screen technologies and light emitting diodes. The circumstance is similar for
tellurium in CdTe thin films and the silver used for contacts in silicon photovoltaics.
Solar cells made from more abundant elements pose a potential solution to this dilemma.
In the same calculation above, if antimony is substituted for indium, the same 60,000 metric
tons are required, but world antimony production is already greater than this at 160,000 met-
ric tons.[9] Additionally, the only current major demand for antimony is a fire retardant,[9]
of which there are other options that work just as well. So, provided Sb could be made
to work just as well as indium, this could go a long way to harnessing TW levels of solar
energy. Antimony is not the only option, replacing indium with earth abundant tin and zinc
has also shown a lot of promise in the Cu2ZnSn(S,Se)4 (CZTS) solar cells, though research
in this area has recently stalled due to complications associated with optimizing the defect
chemistry for the complex quantenary compound[10] (which also makes the prospects of
manufacturing more difficult). Whatever the case, it is clear that solar cell research should
continue to focus on new materials for photoconversion. At the very least, this effort will
diversify the materials available, and ensure the transition from fossil fuels is smooth, and
does not simply replace one Hubbert peak for another.
Of course, this is a back of the envelope calculation, and does not take into account many
factors. Additional indium/tellurium/silver reserves could be discovered that completely
change the calculation, or, advances in recycling technology could significantly reduce the
need for new production. A more powerful strategy for harnessing TW of solar power is to
better understand the photovoltaic effect itself, so that it can be engineered into any number
of materials, and that is the second goal of this thesis.
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1.4 Scientific Motivation
There are currently only four inorganic semiconductors capable of converting a significant
fraction of their theoretical maximum photo-conversion efficiency; Si, CuInGaSe2 (CIGS),
CdTe, and III-Vs (GaAs). These technologies are very diverse in nearly all the measur-
able electro-optical properties, yet share the same structures; tetrahedral coordination of
four covalent bonds producing the diamond structure for elemental semiconductors, or the
identical zinc-blende crystal structure in compound semiconductors. It remains an open
question if this common structure is coincidental, or if tetrahedral coordination has a role to
play in successful photo conversion. At the same time, the fundamental objective of material
science is to draw connections between the structure of a material and its macroscopic prop-
erties. Therefore, an investigation of photo-conversion in materials without the traditional
tetrahedral coordination is an fitting investigation for a material science dissertation.
Figure 1.2: A surface of uniform electron density, shown in red, illustrate the location of
the lone pair, non-bonding electrons within the CuSbS2 ”layered” structure.[11] Cu=blue,
Sb=grey, S=yellow
Copper sulfide ternaries are chosen because they are thought to be more defect tolerant
than other materials, a very powerful advantage when scalability is a concern. Defect tol-
erance is a semiconductors ability to maintain decent minority carrier lifetimes despite the
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presence of dislocations, grain boundaries, point defects and surfaces. This allows a much
higher level of entropy during deposition, (compared to single crystals), and therefore re-
quires much less heat input (energy cost, time and money). Experimentally observed defect
tolerance has been seen in binary copper based compounds such as Cu2S[12] , and later in the
indium ternaries, CuIn(S,Se)2.[13]. A recent theoretical explanation[14] suggests the source
of defect tolerance is found in the bonding character fond in the valance band (Figure 1.3a.
A valance band composed of anti-bonding states will form defect state (broken bonds) with
similar energy levels, i.e. shallow states. In contrast, a valance band composed of bonding
states will form defects with much higher energy levels, well inside the band gap. Ternaries




















Figure 1.3: Band structure calculations[15] reveal a lower electron mobility and greater
density of states for the antimony ternary compared to the indium counterpart.
Indeed, DFT defect calculations, completed at NREL by Haowei Peng, indicate shallow
defect energies associated with Cu vacancies (p-type, VCu), and Sb on a Cu site (SbCu) to
be the most common, as indicated by their low enthalpy of formation in Figure 1.3b. Here,
the ”energy level” of the defect is the Fermi Energy at which the slope changes, indicated by
filled circles in Figure 1.3b. Deeper energy levels are seen for sulfur vacancies (VS), but the
enthalpy of formation is high enough (1+ eV) that these defects are not expected to exist in
large numbers.
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While Sb and In share the same III+ oxidation state in the identical stoichiometry,
These compounds, the substitution of antimony rather than indium adds a ”lone pair,” of
non-bonding electrons associated with Sb additional V+ oxidation state. These non bonding
electrons significantly change the resulting equilibrium structures. Copper atoms retain the
tetrahedral bonding, but antimony forms trigonal pyramidal bonding units, distorting the
symmetry, shown in Figure 1.2. At the identical stoichiometry of CuInSe2, CuSbSe2 exists







Figure 1.4: Band structure calculations[15] reveal a lower electron mobility and greater
density of states for the antimony ternary compared to the indium counterpart.
The collection of lone pair electrons in 2D planes within the material has two interesting
effects on the electro-optical properties, compared with the higher symmetry CuInS2. The
first is a 1-2 order of magnitude reduction in mobilities. This can be seen in the band
structures[15], (Figure 1.4) as electron mobility is directly related to curvature, or second
derivative, of the conduction band, and hole mobility directly related to the second derivative
of the valence band. This is particularly apparent in at the Γ point, where CuInS2 has much
greater curvature in the conduction band than does the equivalent point for CuSbS2. This
reduced mobility should result in lower levels of collection in completed devices, as the
reduces carrier diffusion lengths will reduce the percentage of carriers collected by diffusion.
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Additionally, these non-bonding electrons add quite a few states to both the conduction
and valance bands, plotted on the right of Figure 1.4. The greater density of states in
the conduction band will increase the probability that an absorbed photon will be able to
promote an electron to the conduction band, and should therefore translate to a greater
optical absorption coefficient for CuSbS2 over CuInS2. Following, the greater absorption
coefficient should allow more charge carriers to be created within the first few hundred
nanometers of carrier depleted material (depletion width). In turn, this may lead to greater
charge carrier collection by drift (collection within the depletion width) for the CuSbS2
material.
Considering the potential of CuSb(S,Se)2 to produce promising solar absorbers (defect
tolerance, high photon absorption), and the interesting material science questions this inves-
tigation poses (structure-property relationship to electron mobility), investigating the photo
conversion abilities of CuSb(S,Se)2 heterojunction devices is ideally suited for a material
science thesis.
1.5 Thesis Outline
This thesis represents research, experiments, and analysis done over the past three years.
It is organized into eight chapters, each with a specific goal. Chapter 1 outlines the broader
context of this work, including historical, scientific and economic concerns. Chapter 2 goes
into more detail on the previous work specific to photoconversion in CuSb(S,Se)2. Chapter 3
discusses the combinatorial approach and methodology used in this investigation. Chapter 4
contains the first results of this investigation, laying out a deposition strategy for the sulfide,
and examines the accessible phase space; published in the journal Solar Energy Materials
and Solar Cells. Chapter 5 has been submitted and accepted for publication in the journal
Progress in Photovoltaics: Research and Applications. It includes the bulk of the work done
for the project, as entirely new combinatorial device fabrication processes were developed
and debugged for the sulfide. Chapter 6 consists of a published letter, in the journal Applied
Physics Express, detailing an initial promising efficiencies in CuSbSe2 devices. Chapter 7
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follows up on that letter with a manuscript prepared for publication but not yet submitted,
describing the development of further CuSbSe2 device results and material characterization.
Finally, Chapter 8 concludes the work, addressing the question of structure on photoconver-
sion, and laying out a path forward for continued work on CuSb(S,Se)2 photovoltaic devices.
1.6 Thesis Contributions
Adam Welch, who completed the synthesis and characterization of samples, wrote the
publication that comprises Chapter 4. Pawel Zawadzki and Stephan Lany provided theoret-
ical calculation contributions. Andriy Zakutayev and Colin Wolden provided experimental
guidance, discussion, and editing.
The manuscript for Chapter 5 was written by Adam Welch, who also cleaned the sub-
strates, deposited and characterized the absorber layers, isolated devices and collected data
on completed devices. Lauryn Baranowski deposited the CdS buffer layers. Clay DeHart
deposited the Mo back contacts and ZnO/ZnO:Al top contact and NiAl fingers. Pawel Za-
wadzki calculated surface energies and density of states with guidance from Stephan Lany.
Steve Johnston performed dark lock in thermography of samples to identify shunts. Colin
Wolden and Andriy Zakutayev provided experimental guidance, discussion and editing.
Chapter 6 was written by Adam Welch who also cleaned substrates, deposited and charac-
terized the absorber layers, isolated devices by photolithography, collected and analyzed the
data on completed devices. Lauryn Baranowski deposited the CdS buffer layers. Clay De-
Hart deposited the Mo back contacts and ZnO/ZnO:Al top contact and NiAl fingers. Pawel
Zawadzki calculated surface energies and density of states with guidance from Stephan Lany.
Colin Wolden and Andriy Zakutayev provided experimental guidance, discussion and editing.
Chapter 7 was written by Adam Welch who also cleaned substrates, deposited and char-
acterized the absorber layers, isolated devices by photolithography, collected and analyzed
the data on completed devices. Lauryn Baranowski deposited the CdS buffer layers. Clay
DeHart deposited the Mo back contacts and ZnO/ZnO:Al top contact and NiAl fingers. Ter-
rahetz spectroscopy and analysis was preformed by Hannes Hempel from Helmholtz-Zentrum
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In this chapter, we provide literature background on the Cu-Sb-S, and Cu-Sb-Se systems,
including any relevant PV properties and previous devices.
2.1 Sulfur Ternaries
Figure 2.1: A subsection of the isothermal (300◦C) ternary phase space of Cu-Sb-S which
contains all stable ternary compounds.[16] The tie line between Cu2S and Sb2S3, shows
the Sb3+ phase progression, containing two ternaries, Cu3SbS3 and CuSbS2. The tie line
between Cu2S and Sb2S5 (not found in nature) shows the Sb
5+ phase progression, with
only one ternary, Cu3SbS4. Cu12Sb4S13 is an off-stoichiometric compound consisting of two
immiscible phases; copper rich and copper poor.
The equilibrium Cu-Sb-S system contains four stable ternary compounds; CuSbS2 (chal-
costibite), Cu12Sb4S13 (tetrahedrite), Cu3SbS3 (skinnerite), and Cu3SbS4 (famatinite). All
of these appear in Figure 2.1, which represents a subset of the full compositional space repro-
duced from mineralogical studies[17]. There are two relevant points to this discussion. First,
though compositionally very similar, Cu3SbS3 and Cu12Sb4S13 are two separate and stable
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phases[17–19]. Much like the many varied Cu2−xS phases, Cu12Sb4S13 is best understood as
an off-stochimetric disordered phase rather than a strict ternary. Second, with the exception
of Cu12Sb4S13, all the ternaries fall along two vertical sections, from Cu2S and Sb2S5, and
Cu2S and Sb2S3. These two vertical sections represent the two oxidations states of Sb, 5+
and 3+ respectively. Though there are no reports of an Sb2S5 mineral, bulk powders are
commercially available (which are likely just be Sb2S3 + S)[20], and the oxide is well known
(Sb2O5). The existence of Sb2S5 is less relevant to the discussion of ternaries, which are all
well documented.
(a) (b) (c) (d)
Figure 2.2: Unit cell crystal structure of (a) monoclinic Cu3SbS3 (skinnerite), (b) Cu12Sb4S13
(tetrahedrite), (c) CuSbS2 (chalcostibite), and (d) Cu3SbS4 (famatinite). Cu=blue,
Sb=salmon, S=yellow
Cu3SbS3 is the most sulfur-poor ternary, with sulfur making up only 42% of the formula
unit. It is reported to have three polymorphs, a low temperature orthorhombic, P212121
phase with a very slight transformation to monoclinic (Figure 2.2a) at room temperature.
Due to the relatively identical crystal structure of these two polymorphs, they both have
similar reported band gaps around 1.9 eV. [21] The high temperature phase is associated
with some confusion, either cubic or orthorhombic. It is sometimes reported as cubic [22]
without a band gap[21], though this high temperature phase is very similar structurally to
the cubic Cu12Sb4S13. Considering they cite a reference[23] which predates the discovery of
the 3:1:3 phase[17], it is likely that they describe the structure of Cu12Sb4S13 and were simply
not being precise in the description of composition. Later, more precise experimental studies
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of the 3:1:3 phase describe the high temperature phase as orthorhombic, Pnma[24]. There
has not been a great deal of research into Cu3SbS3 for photovoltaic or photoelectrochemical
(PEC) applications, likely due to the difficulty of synthesis. While technically not metastable
(formation enthalpy is negative), Cu3SbS3 will easily decompose to Cu12Sb4S13 + Sb + Cu
[18]. One device (Ni-Al/ITO/i-ZnO/CdS/monoclinic-Cu3SbS3/Mo/Glass) with a band gap
of 1.84 eV produced a Jsc of 1.6 mA/cm
2 and Voc of 3.5 mV. [25]
Cu12Sb4S13 has just slightly more sulfur incorporation than Cu3SbS3, but is a far more
complex and disordered phase (Fig.∼??b). At room temperature, it consists of two im-
miscible phases, Cu-rich and Cu-poor. Both are cubic, varying only by the amount of Cu
incorporation which affects the lattice constants. [16] The copper rich phase has a reported
composition of 13.8:4:13 (Cu:Sb:S), and the Cu-poor, 12.3:4:13. All phases are room tem-
perature electrolytes due to the of highly mobile interstitial copper atoms (2 in Cu-poor, and
8 in Cu-rich), which can be seen by blue and white spheres (indicating partial occupation)
in Figure∼??b. These two phases combine to form a much larger unit cell with the same
symmetry in the high temperature phase. [16] Due to the high ionic conductivity of this
phase, it is not appropriate for solid state device integration, and there has been no reports
of Cu12Sb4S13 PV devices, though there have been a few reports of this phase producing
small currents (<1mA/cm2) in photoelectrochemical cells (PEC). [26, 27] The band gap
is sometimes reported between 1.6 [28] and 1.7 eV[26, 27], though always with significant
sub-band absorption.
CuSbS2 (chalcostibite) has an even cation to anion ratio, with Sb in the 3+ oxidation
state (as in all previously discussed phases). There are no competing allotropes. It exists in a
layered orthorhombic symmetry, but unlike the layered transition metal chalcogenides which
have S-S van-der-walls bonding between layers, CuSbS2 contains ”lone pair” non-bonding
electrons (originating from Sb3+) in the gap between layers. The reported band gap is well
matched to the solar spectrum, between 1.4 and 1.6 eV [28–32]. Very recently, a 3% efficient
photovoltaic device was reported [33] by sulfurization of electrochemically deposited Cu/Sb
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layers, as well as a 0.5% device from hydrazine processing. [34]
Finally, Cu3SbS4 (famatinite) also has an even cation to anion ratio, and is the only
ternary phase that contains Sb in the 5+ oxidation state. In stark contrast to Cu12Sb4S13,
this phase is the most structurally ordered, sharing the zinc-blende structure common to
successful solar absorbers. In this case, the cubic zinc-blende requires an orthorhombic unit
cell to accommodate an alternating Sb/Cu position. The reported band gap is between 0.88
and 1.2 eV [28, 29]. There are no reports of fabricated devices, but very small currents
(<1mA/cm2) were achieved in PEC testing on nanoparticle films.[27]
2.2 Selenide Ternaries
The selenide system is not as well studied as the sulfide, though this is beginning to change
as the thermoelectric community gains interest in the selenides. One recent theoretical study
suggest there may be as many as five stable selenide ternaries, two of which are currently
unknown. [35] However, we will restrict this discussion to the three ternary phases listed in
the Inorganic Crystal Structure Database (ICSD). Each phase is a structural analog of the
sulfide, with no phase having any reported allotropes.
Cu3SbSe3 is perhaps the most interesting selenide phase for PV applications, with a
reported band gap between 1.2 [25, 36] and 1.68 [37]. It is isostructural to the high tem-
perature, orthorhombic 3:1:3 sulfide [24]. No solid state devices have been reported, but
thin films of Cu3SbSe3 nanoparticles were shown to produce 100 uA/cm
2 in PEC applica-
tions (0.5M H2SO4 at 100 mW/cm
2 illumination) [36]. Also very interesting for PV is the
CuSbSe2 phase. It is isostructural to CuSbS2, and has a similar band gap of 1.2 eV [31]. PEC
tests show a photoresponse from selenization of electrochemically stacked Cu-Sb layers[31].
Interestingly, the photoresponse seemed to increase with increasing KCN etch time. This
same author went on to publish a very informative work on CuSbSe2 including solid state
devices using substrate CdS heterojunctions. They produced devices with 1.3% efficiency,
but more importantly, calculated the phonon modes and point defect energy levels. Their
defect calculations suggest CuSbSe2 should be defect tolerant, with a predicted low density
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of deep level recombination centers.[38]
Additional PEC studies have shown, similar to Cu3SbSe3, about 100 uA/cm
2 in 0.5M
H2SO4 at 100 mW/cm
2 illumination [39]. Rounding out the selenide ternaries is the Cu3SbSe4
phase, the only selenide with Sb in the 5+ oxidation state. It shares the very ordered zinc-
blendee derived lattice of the 3:1:4 sulfide, but, with a band gap of 0.31 eV [29], it is really
only of interest in thermoelectric applications and no PV or PEC devices have been made
from this phase.
Table 2.1 summarizes the review above, listing the structure, antimony oxidation state,
and reported photoconversion properties of any sulfide or selenide phases likely to be found
during synthesis. As stated in the introduction, due to the ideal band gap and interesting
alternative structures, the goal of this project is the synthesis of the 1:1:2 (Cu:Sb:S,Se) and
3:1:3 phases, but other phases are likely to co-exist and so are included in the summary.
Antimony oxidation state shows the 1:1:2 and 3:1:3 phases with the alternative structure
also have the lower oxidation state of antimony, and therefore will have to be considered in
the analysis of measured electrical properties.
Table 2.1: Phases of Interest
Stoichiometry Structure Sbx Band Gap Jphoto Vphoto ref.
(eV) (mA/cm2) (mV)
Cu3SbS3 monoclinic/orthorhomic 3+ 1.83 1.6 3.5 [25]
Cu12Sb4S13 cubic, + interstitial Cu 3+ 1.7 0.05* [27]
CuSbS2 layered orthorhombic 3+ 1.5 14.73 490 [33]
Cu3SbS4 zinc blendee derived 5+ 0.9 0.1* [27]
Cu3SbSe3 orthorhombic 3+ 1.6* [37] 0.1** * [36]
CuSbSe2 layered orthorhombic 3+ 1.1 11.84 274 [38]





This chapter will detail general methodology used to perform the research in this thesis.
The specific experiments used in Chapters 4, 5, and 6 are discussed more concisely in the
methods section of each chapter.
Quick identification of ideal growth parameters for novel compounds can be difficult, and
therefore benefits greatly by the application of high-throughput/combinatorial methodology.
In this work, we use combinatorial methods to narrow the ideal processing window, and
quickly identify trends in device performance. Spatially resolved characterization combined
with orthogonal composition, flux, and temperature gradients allow rapid collection and
analysis of data. This technique has been developed at NREL for the successful optimization
of complex TCO compositions,[40] and is now being utilized in the design of novel absorber
materials.[41]
3.1 Combinatorial Thin Film Deposition
Figure 3.1b displays a photograph of a representative glass substrate (combinatorial li-
brary) produced in this work. A compositional gradient was achieved by radio frequency
(RF) magnetron co-sputtering of Cu2S and Sb2S3 targets (99.999% pure). Chamber base
pressure was 10-7 Torr and depositions were done under 3 mTorr flow of argon (99.99%).
Both targets were equidistant (6 in.) from the substrate, which allows the power ratio of
the targets to produce a wide range of compositional flux. Initial libraries combined the
compositional gradient with an orthogonal temperature gradient created by a previously
described,[41] intentionally non-uniform thermal contact to the substrate.
An initial calibration of substrate temperature was done by a thermocouple in direct
contact with a clean substrate, the results of which are plotted in Figure 3.2. This calibration
was used to report substrate temperature for all subsequent runs. Glass substrates were
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(a) (b)
Figure 3.1: A photograph of the co-sputtering setup (a), with an example of 2”x2” combi-
natorial library (b). Each of the 44 sample points has an associated data set for substrate
temperature, composition, structure, conductivity, and photon absorption. Displayed sym-
bols represent the XRD identified majority phase. The top (red) graph shows a measured
temperature profile along one of the four rows, at a set point of 350◦C. The right (blue)


















Figure 3.2: Results of the temperature calibration for a typical processing ramp up, hold,
and cool down
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cleaned with detergent, sonicated in acetone and isopropanol, and finally exposed to a 5
min. oxygen plasma prior to deposition. These substrates, and identically cleaned soda lime
glass (SLG) substrates, were also used for the DC sputter application of the bilayer Mo, as
well as evaporated Au/Ti, Ni, Pt, Pd, and W back contacts for device integration.
3.2 Combinatorial Thin Film Characterization
After deposition, each library is characterized at 44 spatially resolved points by XRF
(Solar Metrology System SMX, Fischerscope XDV-SDD), XRD (Bruker D8 Discover), and
four point probe (custom).
XRF is taken in air, and therefore not able to resolve sulfur. Full stoichiometry is
extrapolated from XRF reported Cu/Sb ratios combined with XRD results. In addition to
stoichiometry, XRF analysis yields film thickness data. Film thickness was initially verified
using deposition masks to create voided areas on the substrate. The step height between
the voided area and film were measured with optical and physical profilometry (Wyko and
Dektak respectively), to verify the XRF reported value.
The data reported by the XRF is essentially the fitting parameters of a peak fitting al-
gorithm. There are four parameters output (fit), the film thickness, and atomic percentage
of each individual element. The calculation is based on how many (what intensity) charac-
teristic x-rays are expected to emit from an element at a known distance (geometry) from
the sensor, given attenuation in air and other factors. The instrument requires some input
of material density, and the specific elements in question. This density was kept similar, as-
suming a close packed stacking structure of an arbitrary ionic solid (oxide), though modified
a bit to compensate for the different ionic radii of the elements in question. A significant
problem with XRF analysis is peak overlap. If there are elements in the film, at any layer,
that nearly overlap with the elements in question, the characteristic x-ray peaks of both
elements will overlap, causing and over-estimate of the element in question. This is pretty
common given the closely packed energy levels of all the elements and their multitude of
different transitions. XRF is therefore considered to be only accurate to about 2% error,
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though it may be better or worse depending on specific material thickness and element un-
der test. Furthermore, multiple layers of thin films above or below the film in question can
cause additional attenuation not accounted for in the original instrument design. This can
be accounted for somewhat in the setup of the measurement, but it is another parameter
that can lead to additional error. A good example of both sources of error occurs in the
stoichiometry data reported in Chapter 6, where Cu percentage is used throughout as the
single measurement of stoichiometry. This was because Sb and Se have some peak overlap,
resulting in a systematic error of lower Se and higher Sb. Additionally, when films grown on
Mo were measured, additional attenuation by the Mo film took place, lowering the overall
Cu value 1% below what was recorded on glass.
It is also worth noting sources of error associated with the XRD setup. It is based on a
two-dimensional detector, which allows for more rapid data collection. Rather than rotating
a single point detector along an arc path of 2θ, the instrument is immediately able to capture
a section of 2θ that spans the diameter of the spherically concave detector, but is limited
to 2θ values between 19 and 52 degrees by the physical dimensions of the detector. The
intensity for each degree of 2θ is the integration of intensity across the total distance of the
detector orthogonal to the 2θ angle. The resolution of final measurement is limited by the
resolution of the 2D detector. It consists of an array of pixels, the size of each pixel defining
the resolution of the final measurement. This results in peak widths a bit wider than could
be accomplished with a single point, rotating detector, and therefore, closely spaced peaks
can appear as broad humps rather than a series of individual peaks. The Bruker 2D detector
is then best used for identifying material with known XRD patterns, as was the case in this
work, rather than refining the structure of an entirely unkown phase. Broad background
humps spanning the entire distance of 2θ (19-52 degrees) were associated with the glass
substrates, and were subtracted out using custom routines programmed into IgorPro by Phil
Parilla at NREL, prior to this work.
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Finally, the custom four-point-probe setup was relatively straightforward. It consisted
of a standard four-point-probe, which runs applies a voltage to two tungsten probes, and
measures the current produced via two adjacent tungsten probes. The probes must be in a
predefined geometry, which is then used to calculate sheet resistance using Ohms law. This
setup allows measurements that are not effected by contact resistance between the tungsten
and the material under test. In this specific case, the standard setup had been customized
to allow for an automated x-y stage underneath the sample, for automated collection of the
pre-defined 44 point maps. Typically, produced current was measured at 6 different evenly
spaced voltage values, then the slope of a linear regression fit was recorded as the sheet
resistance value. If the linear regression did not have a good R2 value, the data was rejected
and another more appropriate set of voltages were input. Sheet resistance was converted
to resistance using thickness data reported by the XRF, in a custom IgorPro R©∼routine
programmed by Phil Parilla and Andriy Zakutayev at NREL.
3.3 Single Point Characterization Methods
More details characterization was conducted on single points, without the predefined
automated mapping. In many cases, these single points were placed on specific mapping
sites to correlate well with the mapping data. However, in some cases the spot size of the
instrument was too large, or otherwise was not possible to know the precise location of the
measurement, so general notes on location were taken in a lab notebook. Photon absorption
data is taken on a Cary 5000 R©∼UV/Vis/NIR spectrometer, which incorporates diffuse
transmission and diffuse reflectivity. The spot size could be adjusted , but best results were
achieved with a spot size of about 2 cm2. Therefore, photon absorption was recorded for
general areas associated with average stoichiometry and phase identification recorded by the
mapping tools. Using the spectrometer with diffuse capability was particularly important
for these materials, as they have significant diffuse reflectivity due to grain sizes larger than
visible wavelengths, producing significant scattering. The transmission and reflectivity of
the substrate was subtracted out by placing a blank substrate in the instrument during the
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initial calibration run.
Hall effect measurements were taken by physically cleaving about 0.5 cm2 square sections
of a library and placing them in a Hall Effect apparatus (Accent HL5500 R©). Four spots
of Indium metal were placed at the midpoint of the top, bottom, left and right edges. The
instrument contains two permanent magnets which is placed above and below the sample.
The magnets are reversed one time for each measurement to alter the direction of current
displacement, and verify opposing Hall voltages. One major source of error in this setup is
the assumption of the van der Pauw geometry. Ideally, this would require a specific mask to
ensure a precise cross shape, in the case of these samples, they were not crosses, but squares,
and were cleaved, therefore only roughly equal length sides. The instrument includes some
initial contact resistance tests that can account for size discrepancies, but it is important
to note the differences between this test and and an ideal scenario. Hall effect data was
therefore best understood to be an order of magnitude approximation.
Samples grown on conductive substrates were cleaved and used for PEC tests. Electrical
contact was made via a copper wire and conductive silver paint (Ted Pella R©), which is
structurally held in place, chemically and electrically isolated from the electrolyte via an
insulating epoxy (Hysol 9462 R©). Current-voltage and capacitance measurements for PEC
cells were performed on a Solartron Analytical R©∼potentiostat/galvanostat using a three-
electrode setup, a platinum flag counter electrode and Ag/AgCl reference electrode. All
chemicals were reagent grade. Major sources of error in this setup are many; associated with
the corrosion of the semiconductor under test, specific adsorption of ionic species altering
the surface energy, and spectral mismatch of the light sources. These were best mitigated
by three years of study in an PEC standards lab prior to these test, therefore ensuring best
practices used in all testing to reduce error. Notwithstanding, PEC measurements are best
understood as only a first approximation of photoresponse potential.
External quantum efficiency measurements were preformed on completed solid state
devices using a Newport-Oriel EQE 200 R©∼setup with a Xenon light source, scanning
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monochromator, gold probe tips, and external tungsten white light bias. There was no
capability to apply an external bias during EQE operation.
3.4 Theoretical Calculations
Collaborators at NREL, Stephan Lany, Haowei Peng, and Pawel Zawadzki conducted nu-
merical calculations presented in this work. They used density functional theory (DFT) with
on site Coulomb potential U of 5 eV applied to Cu(d) states and Perdew-Burke-Ernzerhof[42]
exchange correlation functional were performed using the VASP code.[43] Formation energies
of Cu-Sb-S compounds were calculated with fitted reference atomic energies (FERE).[44]
The Gibbs free energy of vaporization of Sb(s) and Sb2S3(s) was calculated from vapor
pressures.[45, 46]
3.5 Combinatorial Device Fabrication
Devices were fabricated by using the thin film techniques described above, onto substrates
with pre-applied back contacts. Clay DeHart at NREL used a dedicated Mo DC sputtering
tool to deposit the bilayer Mo back contacts onto SLG substrates. Also at NREL, Anna Duda
evaporated Pt, Pd, Ni, Ti/Au, and W back contacts onto the borosilicate glass substrates
(Corning Eagle XG R©∼, a.k.a. EXG). Metal coated substrates were stored in air until
placement into the combinatorial RF sputter chamber for deposition CuSb(S,Se)2 thin films.
Other than a quick blow-off with dry house nitrogen, no cleaning steps were done between
metallization and deposition of the absorber.
The partially completed devices were then removed from the chamber and stored in
an N2 dry box until chemical bath deposition (CBD) of CdS by Lauryn Baranowski. We
preformed several similar runs with different wait times in the N2 dry box, and the final
devices appeared to have no performance dependence on N2 box wait time, so continued
efforts to reduce N2 box wait were not undertaken, however CdS deposition was generally
completed within a week of absorber deposition.
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After CdS depositon, devices were again stored in a N2 dry box to await top contacts.
Clay DeHart would apply the intrinsic ZnO and Al doped ZnO transparent conducing oxide
(TCO) layers using a dedicated Semicore R©∼RF sputter tool and room temperature sub-
strates. The recipe for deposition was preprogramed into the tool, and therefore should
be identical for all devices. Vacuum was again broken for transport to a nearby e-beam
evaporation tool for application of the Ni/Al fingers and contact pads. Final isolation of
devices was initially achieved by scribing with a straight edge and steel razor blade through
all active layers down to the back contact. Later, for the work reported in Chapter 7, a
photolithography technique was used for more precise isolation.
3.6 Combinatorial Device Measurement
(a)! (b)!
Figure 3.3: A photograph of the JV mapping tool(a) showing the AM1.5G simulator and
cooled mapping stage. A photograph of a typical combinatorial device library (b) showing
the 44 photolithography isolated devices, front contact pad for each device, and common
back contact (Indium bead in the lower right).
Measurement of completed device performance was done on a Newport-Oriel R©∼class
ABA solar simulator with an AM1.5G filter and water cooled stage attached to a custom built
mapping stage shown in Figure 3.3a. Current voltage (JV) measurements under dark and
24
illumination were taken with at a pre-defined rate using a Hewlett Packard programmable,
digital DC power source and a Keithly programmable, digital multimeter. Custom Lab-
View R©∼routines programmed by the NREL engineering support staff were used to control
bias and acquire data. Contact to the device was achieved with gold probe tips applied
with enough force to detent the soft Al contact pad. Back contact was made by scraping
off the top layers down to the back contact, and applying a small dot of Indium metal, then
contacting the probe tip to the Indium. An example device is shown in Figure 3.3b.
The Keithly R©∼multimeter was programmed to run a contact resistance test at each
application to ensure good ohmic contact to the Al. When using the razor scribe isolated
devices, there is error associated with the measurement of device area, which was done using
a ruler and magnifying lens. To compensate, device area was always over-estimated, to
ensure current density values erred on the conservative side. This error was significantly
reduced using photolithography masks with predefined, precise device areas. Mapping was
achieved with the programmable x-y stage to automate the testing process. In this case, the
tool was new to the NREL combinatorial science group, and there were no pre-programmed
processing routines in IgorPro R©. In order to process and display the data quickly custom
routines were written by the author for this work.
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CHAPTER 4
SELF REGULATED GROWTH AND TUNABLE PROPERTIES OF CUSBS2 SOLAR
ABSORBERS
Authors: Adam W. Welch,1,2,3 Pawel P. Zawadzki,1 Stephan Lany,1 Colin A. Wolden,2
Andriy Zakutayev1,3
This theis chapter details the work done to identify the thin film phase map, synthesize
phase pure material, and tune the majority carrier concentration by deposition parameters.
It was published as an article in the January 2015 issue of Solar Energy Materials and Solar
Cells.
4.1 Abstract
Polycrystalline thin film copper chalcogenide solar cells show remarkable efficiencies, and
analogous but less-explored semiconducting materials may hold similar promise. With con-
sideration of elemental abundance and process scalability, we explore the potential of the Cu-
Sb-S material system for photovoltaic applications. Using a high-throughput combinatorial
approach, Cu-Sb-S libraries were synthesized by magnetron co-sputtering of Cu2S and Sb2S3
targets and evaluated by a suite of spatially resolved characterization techniques. The result-
ing compounds include Cu1.8S (digenite), Cu12Sb4S13 (tetrahedrite), CuSbS2 (chalcostibite),
and Sb2S3 (stibnite). Of the two ternary phases synthesized, CuSbS2 was found to have
the most potential, however, when deposited at low temperatures its electrical conductivity
varied by several orders of magnitude due to the presence of impurities. To address this is-
sue, we developed a self-regulated approach to synthesize stoichiometric CuSbS2 films using
excess Sb2S3 vapor at elevated substrate temperatures. Theoretical calculations explain that
phase-pure CuSbS2 is expected to be formed over a relatively wide range of temperatures
1National Renewable Energy Laboratory, Golden CO
2Colorado School of Mines, Golden CO
3corresponding author
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and pressures, bound by the sublimation of Sb2S3 and decomposition of CuSbS2. The carrier
concentration of CuSbS2 films produced within this regime was tunable from 10
16−1018 cm−3
through appropriate control of Sb2S3 flux rate and substrate temperature. CuSbS2 displayed
a sharp optical absorption onset indicative of a direct transition at 1.5 eV and an absorption
coefficient of 105 cm−1 within 0.3 eV of the onset. The results of this study suggest that
CuSbS2 holds promise for solar energy conversion due to its tolerant processing window,
tunable carrier concentration, solar-matched band gap, and high absorption coefficient.
4.2 Introduction
Given the exponential rise in energy consumption, any renewable energy source capable
of replacing fossil fuels must be eminently scalable[6]. Advanced photovoltaic research is
therefore benefitted by a focus on semiconductors synthesized with scalable processes, and
composed of earth abundant, easily purified elements[47]. Many materials based on earth
abundant anions have recently attracted attention, including sulfides (FeS2[48–50], SnS[51,
52],) nitrides (ZnSnN2[53, 54], CuTaN2[55]), phosphides (Zn3P2[56, 57], ZnSnP2[58, 59]) and
oxides (Cu2O[60, 61]). Choosing earth abundant cations for photovoltaic semiconductors
can be daunting due to numerous criteria that solar cell absorbers have to satisfy, including
strong optical absorption, moderate doping, long minority carrier lifetime, long-term stability
etc. Polycrystalline photovoltaic absorbers also require that the defects created due to the
crystal imperfections do not affect all of these required properties. Cu-based materials,
such as binary Cu2S, Cu2O[62], Cu3N[14] and related ternary[63, 64] and quaternary[65,
66] compounds offer a promising paradigm from which such defect tolerant semiconducting
compounds can be found.
Of particular relevance to this study are copper based sulfides. The binary Cu2S has
more than three decades of experimental photovoltaic research[12] quickly reaching 10%
efficiency in 1980s, but early work showed that Cu2S device quality degrades due to a light-
and bias-enhanced room temperature mobility of Cu[67]. Researchers therefore began to
focus on ternary compounds, most notably CuInSe2, and subsequently Cu(In,Ga)Se2 (CIGS),
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which had similar properties but did not suffer the Cu diffusion problem[68]. CIGS research
progressed well, producing stable solar cells in excess of 20% efficiency[69]. However, there
is concern that achieving terawatt levels of energy generation may be limited by the low
supply of indium and gallium, especially considering the high demand for these elements
in flat panel displays and other technologies[70]. Replacing indium and gallium with more
earth abundant elements, such as Zn and Sn, has resulted in 11% efficient Cu2ZnSn(S,Se)4
(CZTS) photovoltaic devices[71]. However, further improvements in the chemically complex
quaternary CZTS may be hampered by a high number of deep trap defect states[72], potential
fluctuations, and band tailing[73]. This situation has created a resurgence of interest in less
complex ternary copper sulfides such as Cu-Sn-S[64, 74, 75], recently leading to 6% efficient
Cu2(Sn,Ge)S4 solar cells[76].
Antimony based copper sulfide ternaries are another good alternative, with potential
economic and chemical advantages over CuInS2. Antimony is a relatively earth-abundant
element, currently sixty times less expensive than indium, and significantly greater in esti-
mated world reserves[9]. In addition, indium/gallium and antimony share a common oxi-
dation state (+3) producing analogous chemistry. Both CuSbS2[30, 32, 77] and CuInS2[68]
share a direct band gap of 1.5 eV that is well-suited for terrestrial solar energy conversion.
The more subtle chemical differences between these cations, specifically the non-bonding
lone pair of electrons in the group-V Sb atom, may lead to steeper absorption onsets in
CuSbS2 than in its indium counterpart[63]. Reports on the solar cell related properties of
Cu-Sb-S compounds can be found in literature[28]; such as CuSbS2[78–80], Cu3SbS3[81],
Cu3SbS4[82] and Cu12Sb4S13[27]. Other potential applications have also been investigated,
including thermoelectrics,[83–85] and batteries[86]. Very recently, 3% efficient CuSbS2 pho-
tovoltaic device prototypes have been reported[33], pointing to the need for improved control
of the device parameters, in particular absorber composition of this line compound.
Here we report on a promising approach to scalable sputter synthesis[87] of highly stoi-
chiometric CuSbS2 by self-regulated growth in excess Sb2S3 vapor, and discuss the electrical
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transport and optical absorption properties of the resulting high-quality thin films. First,
we present a brief introduction of the known ternary phases of Cu-Sb-S, focusing on the two
phases which were successfully synthesized in this study; CuSbS2 and Cu12Sb4S13. Then
we analyze the electrical properties of combinatorial thin film libraries of these two phases,
which narrows our interest to CuSbS2. Most importantly, we identify a relatively broad re-
gion of growth conditions where the stoichiometric phase-pure CuSbS2 line compound can be
synthesized by a self-regulated deposition in excess Sb2S3 vapor. We use density functional
theory (DFT) calculations to evaluate the formation enthalpy of these ternary compounds
and their competing phases, along with an analysis of thermochemical stability to explain
the experimentally observed phenomenon of self-regulated CuSbS2 growth. Additionally, a
control of carrier concentration via Sb2S3 flux (RF power ratio) and growth temperature is
described. Finally, we investigate the optical properties of CuSbS2 with specific focus on sub-
gap absorption. The results of this study build a solid foundation for further development
of CuSbS2 based thin film solar cells with improved energy conversion efficiencies.
4.3 Methods
A systematic analysis of photovoltaic absorber properties within a broad parameter space
benefits greatly by the application of high-throughput combinatorial methodology[88, 89].
Our current thin film implementation of the combinatorial approach[90] consists of phys-
ical vapor deposition with orthogonal composition and temperature gradients, matched
to spatially resolved characterization of chemical, structural and optoelectronic proper-
ties. The large amount of data is processed and analyzed by semi-automated custom soft-
ware routines. This technique has been shown useful in optimizing chemically complex
ternary and quaternary p-type transparent conductive oxides (TCOs) such as Zn-Ni-Co-
O[40], Co2(Ni,Zn)O4[91], Ag3VO4[92] and Cr2MnO4[93], as well as simple binary materials,
ZnO:Ga[94], Cu2O[41] and Cu3N[95], and previously unreported compounds[96]. Similar to
this Cu-Sb-S study, the high-throughput combinatorial approach has been recently used to
investigate ternary Cu-Sn-S absorber family[64], with particular emphasis on Cu2SnS3[97].
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Figure 4.1: The 44 sample points superimposed onto a photograph of an 2”x2” combinatorial
library display the XRD identified majority phase. Each point has an associated data set for
substrate temperature, composition, structure, conductivity, and photon absorption. The
top (red) graph shows a measured temperature profile along one of the four rows, at a set
point of 350◦C. The right (blue) graph illustrates recorded compositional data for one of the
eleven columns.
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Figure∼Figure 4.1 displays a photograph of a Cu-Sb-S combinatorial thin film sample
library created by setting the composition and the temperature gradient across the substrate
orthogonal to each other, so that each point experiences a unique combination of synthesis
conditions. The compositional gradient (side panel in Fig.∼Figure 4.1) was achieved by
radio frequency (RF) magnetron co-sputtering of Cu2S and Sb2S3 targets (99.999% pure)
at an angle with respect to the stationary substrate located 15 cm from the substrate.
Adjusting the power ratio of the targets produces a wide range of compositional flux on
the substrate. The temperature gradient (top panel in Fig.∼Figure 4.1) was created by a
previously described[41, 94, 95] intentional non-uniform thermal contact to the substrate. A
calibration of substrate temperature was done by a thermocouple in direct contact with a
clean substrate. Prior to the depositions, the 50x50 mm glass substrates were cleaned with
detergent, sonicated in acetone and isopropanol, and finally exposed to a 5 min. oxygen
plasma prior to deposition. All the depositions were done under 3mTorr flow of argon
(99.99%). The chamber base pressure was 10−7 Torr.
After deposition, each library was characterized at 44 spatially resolved points by XRD
(Bruker D8 Discover), XRF (Solar Metrology System SMX), and four point probe (custom).
The arranged 4x11 rectangular grid is shown schematically in Fig.∼Figure 4.1 by super-
imposed symbols corresponding to dominant phase XRD pattern identifications. XRF was
taken in air, and was therefore not able to resolve a sulfur signal, so full stoichiometry was
extrapolated from XRF reported Cu/Sb ratios combined with XRD results. To complement
the mapping data with more in-depth characterization of the regions of interest, individual
small samples were obtained by physically cleaving out 0.5 cm2 sections of a library. For
these samples, optical absorption data was taken on a Cary 5000 UV/Vis/NIR spectrometer
which incorporates diffuse transmission and diffuse reflectivity, and Hall Effect measurement
were taken in a Hall Effect apparatus (Accent HL5500) with the van der Pauw geometry.
Scanning electron microscope (SEM) images were taken in a JEOL JSM-7000F at 7 kV ac-
celeration voltage and a 10 mm working distance. Finally, the large amount of data produced
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as a result of both mapping and single-point measurement was systematically analyzed by
custom processing algorithms in IgorPro c©∼v.6.22 software.
For the theoretical component of this work, density functional calculation (DFT) was used
with on site Coulomb potential U of 5 eV applied to the Cu(d) states, and Perdew-Burke-
Ernzerhof [98] exchange correlation functionals were performed using the VASP code[43].
Formation energies of Cu-Sb-S compounds were calculated with fitted reference atomic ener-
gies (FERE)[44]. The Gibbs free energy of vaporization of Sb(s) and Sb2S3(s) was calculated
from vapor pressures[45, 46].
4.4 The Cu-Sb-S Ternary System
Figure 4.2: A subsection of the isothermal (300◦C) ternary phase space of Cu-Sb-S which
contains all stable ternary compounds[17]. The phase progression from Cu1.8S (digenite)
through to Sb2S3 (stibnite), highlighted in red, is the focus of this investigation.
The equilibrium Cu-Sb-S system contains four stable ternary compounds: CuSbS2 (chal-
costibite), Cu12Sb4S13 (tetrahedrite), Cu3SbS3 (skinnerite), and Cu3SbS4 (famatinite). CuSbS2
is a layered orthorhombic (Figure 4.4) line compound up to a congruent melting temper-
ature of 552.6◦C on the quasi binary join Cu2S to Sb2S3[99]. The cubic Cu12Sb4S13 (Fig-
ure 4.3) phase is reported to have variable concentrations of highly mobile interstitial copper
atoms[100]. The term tetrahedrite applies to both bulk synthetic compounds and natural
samples with other transition metals substituting on Cu sites. The synthetic tetrahedrite
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Figure 4.3: The cubic Cu12Sb4S13 structure.All atoms are represented by the oxidized atomic
diameter; sulfur (yellow), antimony (red), and copper (blue).
Figure 4.4: The layered orthorhombic structure of CuSbS2. All atoms are represented by
the oxidized atomic diameter; sulfur (yellow), antimony (red), and copper (blue).
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compounds have been shown[100] to include two similar but immiscible phases; Cu12.4Sb4S13
(Cu poor) and Cu13.8Sb4S13 (Cu rich). Cu3SbS3 has at times been confused with Cu12Sb4S13
due to their similar chemical composition, but the two phases have very different structures
that are easily distinguishable by XRD[17]. Finally, Cu3SbS4 (famatinite) is structurally
the most simple among the three Cu-rich Cu-Sb-S materials with a simple cubic zincblende
derived, tetrahedrally-bonded structure.
All of these phases appear in Figure 4.2, which represents a subset of the full compo-
sitional space reproduced from mineralogical studies[17]. The chosen subsection enhances
an important subtlety of the Cu-Sb-S ternary diagram; namely that Cu3SbS3, Cu12Sb4S13
and Cu3SnS4 are three separate and stable phases[17, 19, 101], varying by only a slight dif-
ference in sulfur content. This means Cu-rich compositions of CuSbS2 should co-exist with
either Cu3SbS3, Cu12Sb4S13, or Cu3SbS4, depending on the level of sulfur incorporation.
Cu3SbS3 is the most sulfur poor, Cu3SbS4 the most sulfur rich, and between them is the
off-stoichiometric compound Cu12Sb4S13. This difference is important to the current study
because, despite the use of Cu2S target, the observed materials (Figure 4.1) lie along the
off-stoichiometric phase progression highlighted in red in Figure 4.2: Cu1.8S - Cu12Sb4S13 -
CuSbS2 - Sb2S3.
4.5 Results and Discussion
The following sections outline the results of combinatorial thin film deposition and char-
acterization experiments.
4.5.1 Compositionally graded Cu-Sb-S thin film combinatorial libraries
Preliminary thin film experiments with a temperature gradient revealed that, within
the accessible flux range, Sb2S3 would not deposit at substrate temperatures greater than
350◦C. This was also true during co-sputtering, though at higher temperatures, and can be
seen by the distinct color change between high and low temperature regions of the sample
in Figure 4.1. The high temperature region on the left appears more gray and contains only
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Cu1.8S, while lower temperature regions appear darker and contain Cu-Sb-S ternary phases.
Thus, to fully cover the Cu/Sb composition range, thin film combinatorial libraries were
produced under isothermal conditions with the substrate temperature set below 300◦C.
Figure 4.5: XRD patterns, normalized by scan time and film thickness, are plotted for a
each XRF reported composition. Cu12Sb4S13 is the identified impurity phase on the Cu-rich
side of CuSbS2, and Sb2S3 on the Sb-rich side. Detailed phase identification is reproduced
in the supplementary materials.
Figure 4.5 plots XRD intensity patterns as a function of cation fraction (XSb=Sb/(Sb+Cu)).
The very Cu rich compositions (XSb < 0.1) contain peaks in good agreement with Cu1.8S
(digenite), and do not match any Cu2S (chalcocite) patterns. As the antimony content is
increased, the phase content transitions from Cu12Sb4S13, through to CuSbS2, and finally
Sb2S3. Individual XRD patterns from compositions associated with specific ternary phase
stoichiometries are matched to reference patterns in Appendix A. The presence of Cu1.8S in
the very copper rich compositions, and Cu12Sb4S13 on the Cu-poor side of CuSbS2, indicate
the experimental conditions are accessing more sulfur-rich, off-stoichiometric compounds,
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(highlighted in red in Figure 4.2). Given the use of Cu2S and Sb2S3 targets, it might be ex-
pected that deposited compounds would fall along the strict pseudo-binary tie line between
Cu2S and Sb2S3, but literature suggest this is unlikely. Cu2S is well understood to decompose
to Cu2−xS compounds at moderate temperatures, and quenched melt studies[101] have shown
Sb precipitation leads to the formation of Cu-rich Cu12Sb4S13 + Sb rather than Cu3SbS3 at
XSb=0.25 (and 350
◦C). Considering these two effects, the identification of off-stoichiometric
compounds in the Cu-rich compositions is reasonable.
CuSbS2 peaks appear, without any other secondary phases, over a wider range of compo-
sitions (0.40 < XSb < 0.60) than might be expected for a line compound (XSb = 0.50). This
is likely due to a combination of measurement error in the XRD and XRF data. There can be
as much as 1-5% of crystalline impurity phase that is not resolved by XRD, which, combined
with a 1-5% error in XRF reported composition, may lead to an apparent phase width of
the CuSbS2 single-phase region. There is also a small possibility for unresolved amorphous
impurity phases on either side of stoichiometry (XSb = 0.50), but such a scenario unlikely
in the present case as substrate temperatures near melting will allow for rapid diffusion and
therefore complete crystallization.
Figure 4.6 plots the conductivity of the Cu-Sb-S thin films for the same compositional
range discussed in Figure 4.5. The data included is from the same libraries, plus three
more low temperature libraries providing more detail within the Cu12Sb4S13-CuSbS2 and
CuSbS2-Sb2S3 transitions. Films of very copper rich compositions (XSb < 0.35) displayed
similar conductivities on the order of 102 S/cm, and Hall effect measurements on Cu12Sb4S13
samples (XSb = 0.35) indicate hole concentrations in the high 10
20 cm−3, characteristic of a
degenerate semiconductor. Conductivity near the CuSbS2 compositions, (0.35 < Sb < 0.75),
declines exponentially by six orders of magnitude with increasing antimony content. Hall
effect reveals this decrease is due to reduced carrier concentration, accompanied by a small
increase in mobility, as shown in the inset of Figure 4.6. This large change in conductivity as
a function of composition is likely due to the presence of impurity phases; Cu12Sb4S13 being
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Figure 4.6: Conductivity plotted as a function of composition reveals a six order of magnitude
decline in the transition through the CuSbS2 phase (XSb = 0.50 ± 0.2). Hall effect results
(inset), confirm this to be caused by a drop in carrier concentration. The shaded region
depicts the placement of the hall effect data on the conductivity scale.
highly conductive (102 S/cm), and Sb2S3 being very poorly conductive (10
−8 S/cm)[102].
It is important to note that even for the nominally stoichiometric CuSbS2 thin films
(XSb = 0.50) the conductivity varies by 2-4 orders of magnitude from sample to sample
(dashed line in Figure 6.4). This effect can be attributed to the fundamental difference
between the relatively large compositional variations that can be detected by common mea-
surement techniques (such as XRF) and the relatively small off-stoichiometry levels that can
lead to large changes in doping levels. This disparity is not unique to CuSbS2, but is the case
for most materials, since the majority of them are line compounds. Therefore, once the com-
positional regions of interest (XSb = 0.5 in this case) are identified using high-throughput
combinatorial methods, it is necessary to perform follow-up studies of dedicated samples
with uniform composition, as described for CuSbS2 below.
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4.5.2 Self-regulated growth of stoichiometric CuSbS2 thin films in excess Sb2S3
vapor
Libraries grown with higher substrate temperatures (> 350◦C) and an excess of Sb2S3
vapor (Figure 4.7) displayed much smaller deviations from the ideal compositions (XSb = 0.5)
and hence a much higher degree of CuSbS2 phase purity than the compositionally graded
libraries synthesized at lower temperature. The measured composition profile of three sample
libraries grown at three different substrate temperatures, but identical Sb2S3 flux (controlled
by Sb2S3 gun power), are shown inFigure 4.7. The thin film samples deposited at 300
◦C are
all antimony rich with respect to the XSb = 0.5 composition, with a linear dependence of
composition on the effective flux of Sb2S3 (distance between Sb2S3 target to substrate). The
additional Sb2S3 composition is accommodated by the presence of Sb2S3 impurities in the
CuSbS2 majority phase. In contrast, at the substrate temperature of 350
◦C, stoichiometric
phase-pure CuSbS2 is formed with no dependence on effective Sb2S3 flux. This dramatic
difference illustrates the success of the self-regulated growth of phase-pure CuSbS2 films;
achieving stoichiometric (XSb = 0.5) films in an excess of Sb2S3 vapor and elevated substrate
temperature. The inset of Figure 4.7 shows a scanning electron micrograph of the resulting
film, revealing a dense morphology and grain size on the order of film thickness (400nm).
Finally, a library grown at 400◦C shows a similar flat composition profile, but a much lower
XSb value near 0.25. XRD data confirm this library contains the Cu12Sb4S13 majority phase,
due to the decomposition of phase pure CuSbS2 into Cu12Sb4S13 and volatile Sb2S3 and Sb4
species (which are likely to have sublimed).
The lower-end critical temperature (Tc = 350
◦C in Figure 4.7), defines the onset of the
phase pure growth. This temperature is a balance between the temperature-dependent equi-
librium vapor pressure of Sb2S3 above the Sb2S3 impurity phase, and the chamber pressure
(3x10−3 Torr). Above the critical substrate temperature, Tc, the Sb2S3 equilibrium vapor
pressure is higher than that of the chamber. The excess Sb2S3 will therefore not deposit on
the substrate, instead remaining in the vapor phase. In contrast, below Tc, Sb2S3 will be in-
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Figure 4.7: Composition data plotted against effective Sb2S3 flux shows a flattening of
compositional gradients at higher substrate temperatures due to sublimation of Sb2S3 impu-
rities. A scanning electron micrograph (inset) shows the dense microstructure of a CuSbS2
film grown under Sb2S3 sublimation conditions.
corporated in the growing film, and will therefore require impractically precise control of the
Cu2S/Sb2S3 flux ratio for growth of the CuSbS2 line compound. Thus, our data indicates
growth at elevated substrate temperature, with an excess of Sb2S3 vapor, is a promising
synthesis technique. It produces semiconductor-grade CuSbS2 material with sufficient uni-
formity for solar cell absorber applications, within a wide range of precursor fluxes and
substrate temperature variations. Similar over-flux strategies were developed more than half
a century ago for the stoichiometric growth of III-V materials (e.g. desorption of As vapor
from growing GaAs[103]), and were later exploited in the sputter deposition of CuInSe2 with
indium desorption[87].
The upper-bound of the self-regulated growth window is defined by the decomposition of
CuSbS2 (400
◦C in Figure 4.7). The calculated lowest enthalpy decomposition pathway leads
to the formation of Cu12Sb4S13:
36 CuSbS2(s) → 3 Cu12Sb4S13(s) + 2 Sb(s) + 11 Sb2S3(s) (4.1)
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and requires 21 meV/atom. Decompositions to Cu3SbS3 and Cu3SbS4 are not considered
because they are slightly higher in energy, and furthermore, were not detected under the
relevant deposition conditions used in this study. To evaluate CuSbS2 stability against
decomposition into Cu12Sb4S13 (in terms of pressures and temperatures), we calculate partial
pressures of Sb4(g) and Sb2S3 (g) in thermodynamic equilibrium with CuSbS2 as a function
of temperature. Since the entropy of any solid phase is much smaller than any gaseous phase,
and since such entropy change between solid phases should largely cancel out, we neglect
the entropy change in Reaction 4.1.
Figure 4.8: Calculated vapor pressures show the point of Sb2S3 sublimation, and CuSbS2
decomposition, outlining a temperature processing window for phase pure deposition (orange
shaded).
Figure 4.8 shows the partial pressures of Sb4(g) and Sb2S3(g) as a function of temperature,
indicating that the incoming Sb2S3 rather than Sb flux is the limiting factor for CuSbS2
growth. According to these calculations, for any given incoming Sb2S3 flux ratio, there should
be about 70◦C temperature window above Tc where phase-pure stoichiometric CuSbS2 can
be synthesized by the self-regulated approach. Our experimental data (Figure 4.7) confirms
the decomposition of CuSbS2 occurs about 50
◦C above Tc, and that Tc = 350
◦C at a chamber
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pressure of 3 mTorr. Figure 4.8 also suggests that for a given substrate temperature, phase
pure CuSbS2 can be grown in a 10
2 dynamic range of Sb2S3 vapor (or flux), suggesting that
no precise control of the precursor sources are required for synthesis of semiconductor-grade
CuSbS2 for solar cell absorber applications.
4.5.3 Optoelectronic Properties of phase-pure CuSbS2 thin films
Figure 4.9 compares histograms of the electrical conductivity distribution obtained from
samples synthesized above and below the critical temperature at which Sb2S3 sublimation
occurs. Both libraries have CuSbS2 stoichiometry and strong CuSbS2 XRD patterns. The
sample library represented in blue was grown at a substrate temperature of 300◦C, RF power
ratio (Sb2S3/Cu2S) of 1.3, and shows a very wide distribution of conductivity values, (over
six orders of magnitude), consistent with the data in Figure 6.4. In contrast, the sample
library shown in orange, which has been grown at substrate temperatures greater than 350◦C
(RF power ratio = 2.0), shows a much tighter distribution of conductivity, suggestive of the
formation of phase pure material. Carrier concentration and mobility values for the high
temperature films were on the order of 1016 cm−3, and 0.2 cm2/V-s respectively. These
values are comparable to current CIGS layers[104] and therefore promising for potential
device integration.
For films grown above the critical temperature of 350◦C, (Figure 4.9 inset) the electrical
conductivity can be tuned by changing the flux of Sb2S3, or the substrate temperature.
Increasing the RF power ratio to 2.3, or 2.5, raised the conductivity by nearly an order
of magnitude, while the distribution of conductivity values remained tight, indicating a
similar phase pure thin film. It was also noted that, for a given RF power ratio, further
increasing the substrate temperature above 350◦C also resulted in tight distributions of
higher conductivity values, consistent with a point defect model of carrier concentration.
These changes correspond to the 1015 − 1018 cm−3 tunability range in hole concentration, as
revealed by Hall measurements, allowing for the doping control needed for photovoltaic device
applications. A library at an RF power ratio greater than 2.0 and substrate temperature of
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Figure 4.9: A histogram analysis of conductivity for two combinatorial libraries grown at dif-
ferent substrate temperatures, 300◦C, (blue) and 375◦C (orange). Both datasets contain the
same average elemental composition, (XSb=0.5), but the lower temperature library contains
high conductivity impurity phases. The inset shows the same 375◦C dataset, plus additional
libraries grown at the same flux ratio, to illustrate the trend of increasing conductivity with
substrate temperature and/or flux ratio. The data point is the library’s mean average con-
ductivity value, and the error bars the standard deviation. Carrier concentration values on
the top axis are calculated assuming constant mobility of 0.2 cm2/Vs.
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400◦C was not possible due to the limitations of the chamber. These conditions resulted in
the decomposition of CuSbS2 (Figure 7.5, orange line). The lowest carrier concentration of
5x1015 cm−3 is found at Sb2S3/Cu2S RF power ratios of 2.0, and a substrate temperature
equal to Tc for 3 mTorr, (350
◦C).
Figure 4.10 displays the absorption spectra obtained from four Cu-Sb-S films with varying
antimony content, revealing the CuSbS2 band gap and absorption coefficient, two critical
properties for photovoltaic applications. For the stoichiometric (XSb = 0.50) phase-pure
CuSbS2 thin films, the absorption onset occurs sharply at 1.5 eV, indicative of a direct
transition and in agreement with literature[30, 32, 63]. The absorption coefficient reaches
105 cm−1 by 1.8 eV. The sub-bandgap absorption in the Cu-rich off-stoichiometric CuSbS2
samples (XSb = 0.40) is likely indicative of Cu12Sb4S13 impurities. This is because thin films
at XSb = 0.25 (stoichiometry of Cu12Sb4S13) display significant sub-bandgap absorption,
consistent with the degenerate semiconducting character of the Cu12Sb4S13 material caused
by nominally Cu2+ valence states. In contrast, Sb-rich off-stoichiometric CuSbS2 samples
(XSb = 0.60), show similar absorption to the phase pure stoichiometric CuSbS2 samples.
This is consistent with the higher ∼1.9 eV band gap of Sb2S3[105]. However, we note that
even for phase pure CuSbS2 samples, there is some remaining degree of sub-band absorption,
the origin of which is currently under investigation.
4.6 Conclusions
A combinatorial investigation of the Cu-Sb-S system was conducted to identify the con-
ditions required to form ternary phases with potential for solar energy conversion. It was
found that RF magnetron sputtering from Cu2S and Sb2S3 targets results in the forma-
tion of films that fell on a phase progression from Cu1.8S to Cu12Sb4S13, to CuSbS2, and
finally Sb2S3. Cu12Sb4S13 was found to be overly conductive, whereas CuSbS2 displayed
moderate conductivity suitable for photovoltaic applications. CuSbS2 thin films deposited
at elevated temperature, with excess Sb2S3 vapor, exhibited a high degree of phase purity.
This self-regulated growth process, where Sb2S3 impurities remain in the vapor phase (in the
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Figure 4.10: Absorption spectra for Cu12Sb4S13 (XSb = 0.25), CuSbS2 grown at higher
temperature and excess Sb2S3 vapor (XSb = 0.50), and off-stoichiometries of CuSbS2 (XSb =
0.40, 0.60) grown at lower temperatures.
temperature range above Sb2S3 sublimation, and below CuSbS2 decomposition), has been
theoretical explained using first principles calculations combined with thermochemistry sim-
ulations. Furthermore, the carrier concentration in stoichiometric phase-pure CuSbS2 thin
films produced by the self-regulated deposition method can be tuned by controlling Sb2S3 flux
and substrate temperature. The absorption spectra of these semiconductor-grade CuSbS2
samples show sharp absorption onset at 1.5 eV and high absorption coefficient of 105 cm−1
within 0.3 eV higher energy. Overall, the results of this study leads to a conclusion that the
optoelectronic properties of CuSbS2 thin films prepared by self-regulated growth are suitable
for photovoltaic absorber applications and further solar cell integration.
4.7 Acknowledgements
This work was supported by the US Department of Energy, Office of Energy Efficiency
and Renewable Energy, as a part of the ”Rapid Development of Earth-Abundant Thin Film
Solar Cells” agreement, under contract No. DE-AC36-08GO28308 to NREL. We thank
David S. Ginley and William Tumas at NREL for useful strategic discussions.
44
CHAPTER 5
ACCELERATED DEVELOPMENT OF CUSBS2 THIN FILM PHOTOVOLTAIC
DEVICE PROTOTYPES
Authors: Adam W. Welch,4,5,6 Lauryn L. Baranowski,4,5 Pawel Zawadzki,4 Clay DeHart,4
Steve Johnston,4 Stephan Lany,4 Colin A. Wolden,5 and Andriy Zakutayev4,6
This chapter details the work done to integrate heterojunction device fabrication into
the combinatorial methodology. It has been prepared accepted, and currently prepared for
publication in Progress in Photovoltaics: Research and Applications.
5.1 Abstract
Development of alternative thin film photovoltaic technologies is an important research
topic due to the potential of low-cost, high-efficiency solar cells to produce terawatt levels
of clean power. However, this development of unexplored yet promising absorbers can be
hindered by complications that arise during solar cell fabrication. Here, a high-throughput
combinatorial method is applied to accelerate development of photovoltaic devices, in this
case, using the novel CuSbS2 absorber via a newly developed three-stage, self-regulated
growth process to control absorber purity and orientation. PV performance of the absorber,
using the typical substrate CuInxGa1−xSe2 (CIGS) device architecture, is explored as a
function of absorber quality and thickness using a variety of back contacts. This study
yields CuSbS2 device prototypes with ∼1% conversion efficiency, suggesting that the optimal
CuSbS2 device fabrication parameters and contact selection criteria are quite different than
for CIGS, despite the similarity of these two absorbers. The CuSbS2 device efficiency is at
present limited by low short-circuit current due to bulk recombination related to defects and
a small open-circuit voltage due to a theoretically predicted, cliff-type conduction band offset
4National Renewable Energy Laboratory, Golden CO
5Colorado School of Mines, Golden CO
6corresponding author
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between CuSbS2 and CdS. Overall, these results illustrate both the potential and limits of
combinatorial methods to accelerate the development of thin film photovoltaic devices using
novel absorbers.
5.2 Introduction
In recent years, significant research efforts have been directed towards thin film solar
cells based on novel absorbers, such as Cu2ZnSnSe4 (CZTS),[106] CsSnI3,[107] Cu2SnS3,[76]
SnS,[108] Cu2O,[109] Cu3N,[14] ZnSnN2,[53] Sb2S3,[110] and FeS2.[49] Typically, these stud-
ies focus on the intrinsic optical (i.e. band gap, absorption coefficient) and electrical (carrier
concentration, mobility) properties of the absorber. However, many scientific and engineering
challenges arise upon integration of films into photovoltaic device prototypes. These chal-
lenges include nucleation and synthesis of pinhole-free layers, alteration of absorber properties
due to possible chemical reactions or inter-diffusion with contacts during growth and process-
ing, and optimization of absorber thickness all of these are very time-consuming to tackle
using traditional experimental research methods. Although high-throughput theoretical[111]
and experimental[88] methods have been shown to be useful for accelerating materials re-
search in individual PV absorbers[64] and contacts,[112] combinatorial PV device studies
have been used only for optimization of the well-known 10-20% efficient CIGS devices[113]
or for initial discovery of the very novel (<0.1%) all-oxide solar cells.[114] To fill in this gap,
in this paper we use both combinatorial and traditional research methods to evaluate and
address the practical device fabrication challenges for the novel CuSbS2 solar absorber that
is not yet 10-20% efficient, but is beyond the initial investigation phase.
The practical motivation to study CuSbS2 is that the lower demand and greater supply
of Sb[9] compared to In/Ga may result in potential cost savings for CuSbS2 PV compared to
CIGS solar cells. The scientific motivation is that CuSbS2 has basic electro-optical properties
similar to CIGS, with a band gap of 1.5 eV and moderate hole doping (1015−1018 cm?3),[29–
32, 34, 115] but quite different underlying electronic- and crystal structure. Specifically,
CuSbS2 has a higher absorption coefficient (α > 10
5 cm?1 within 0.3 eV above the absorp-
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tion onset) and larger effective masses (calculated in this work, m*e = 2.9 m0, m*h = 3.7
m0). These differences arise from the layered crystal structure that stems from the low-
valent SbIII+ ions (group-V element in III+ oxidation sate) that adopt trigonal pyramidal
coordination with a lone pair of non-bonding electrons at the apex arranged in 2D planes of
the [001] family. In contrast to the >20% efficient CIGS, previous CuSbS2-based PV devices
reported in literature[32, 34, 116] are typically <1% efficient. One recent device showed an
efficiency of up to 3.1%[33] via sulfurization of electro-deposited metallic stacks, and >3%
efficient sputtered CuSbSe2 devices have also been recently demonstrated.[117] Given the
similarities and differences in the CIGS and CuSbS2 materials properties and current de-
vice performance, this paper aims to determine if it is possible to improve the CuSbS2 PV
technology by leveraging the extensive knowledge base in CIGS device fabrication.[118, 119]
Different PV absorber material characteristics, such as phase purity, crystallographic
orientation, morphology and layer thickness are important parameters that affect PV device
performance. First, in terms of phase purity, we expect CuSbS2 to be more similar to CdTe
and GaAs rather than CIGS,[120] CZTS,[121] or Cu2SnS3 (CTS),[97] since CuSbS2 is a
line compound that should not be able to tolerate large deviations in stoichiometry.[115]
Second, in contrast to CIGS, the CuSbS2 anisotropy makes the crystallographic orientation
and morphology of this absorber an important parameter that may affect the resulting PV
device performance. Third, considering the higher absorption coefficient and larger electron
and hole effective masses, there is likely a different absorption/collection trade-off optimum
for CuSbS2 than is found for CIGS, making the layer thickness another important engineering
parameter to consider. Thus overall, here we hypothesize that despite the several apparent
CuSbS2 and CIGS similarities, the PV device fabrication strategies for these two absorbers
might be quite different.
Besides the CuSbS2 absorber, the back- and front contact also play an important role
in the resulting PV device efficiency. There is no reason to believe that the well-established
CIGS front contacts (CdS/ZnO) would also be suitable for CuSbS2 due to its likely different
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valence- and conduction band positions that result from the very different chemical characters
of group-V SbIII+ and group-III InIII+ or GaIII+. As for the back contact, the most common
metal used in CIGS and CZTS is Mo, though other materials have also been considered.[121]
The valence bands of CZTS, CIGS and CuSbS2 are deeper than the Fermi level of Mo,[97]
which should result in a 0.5 eV barrier to hole transport and negatively affect the PV device
performance for all these absorbers. However, it is known that deposition of CIGS and CZTS
absorbers on Mo often results in formation of a thin Mo-chalcogenide layer, mitigating this
problem.[122] It is likely but not guaranteed that a similar effect would occur for the CuSbS2
absorber considered in this paper, so a more rigorous selection of the back contacts is needed.
In this paper, we demonstrate the development of CuSbS2 thin film photovoltaics (PV)
using accelerated PV device engineering methods in the CIGS-like device architecture. We
start by establishing a three-stage self-regulated absorber growth process in order to con-
trol the stoichiometry and purity of the resulting absorber at elevated growth temperatures.
Then, we apply the combinatorial approach to CuSbS2 solar cell development by quickly
exploring the device performance as a function of phase purity, crystallographic orientation,
and layer thickness of the absorber, explaining some of the observed trends by theoretical
calculations. Finally we screen a range of potential metal back contacts for CuSbS2 devices,
including a thin MoOx charge-selective layer for thin absorber layers. One conclusion from
this work is that the existing CIGS knowledge does not necessarily translate directly to the
CuSbS2 device improvements despite the similarities of the compositional and optoelectronic
property of these two absorber materials. Overall, these results illustrate the practical chal-
lenges associated with incorporation of novel absorbers into thin film photovoltaic device
prototypes, and show how these challenges can be quickly identified and addressed with
both combinatorial and traditional methods.
5.3 Methods
The CuSbS2 absorber growth was performed in a vacuum chamber with 10
?7 Torr base
pressure, under a flow of Ar gas (3 mTorr, 99.99% purity). The chamber contained four 50
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mm sputter targets, two Sb2S3 (99.99% purity) placed opposite each other, a third Cu2S
(99.99% purity) in between, and the final target was left empty. Sputtering was done at
40W of RF power on each target, resulting in deposition rates of 5-10 nm/min. The final
absorber thickness (0.5 3.0 µm) was controlled by the duration of the deposition, between
1 - 8 hours. The absorbers were deposited onto 50 by 50 mm, metal-coated soda lime glass
(SLG) or Corning Eagle-XG glass (EXG) substrates. The back contact metals were deposited
on the substrates using evaporation for Au, Pt, Pd, W, Ni, and using DC sputtering for
Mo. Commercial FTO/SLG TEC15 substrates were also used in the experiments. Charge-
selective MoOx contacts were formed by placing a Mo electrode in 30%, reagent grade,
aqueous H2O2 for 5 (thin) or 15 (thick) seconds and then rinsed in deionized water. After
the absorber deposition, the front contacts were prepared by a chemical bath deposition
(CBD) of CdS,[123] RF sputtering of intrinsic/conductive i-ZnO/ZnO:Al (AZO) stack, and
e-beam evaporation of Al metal through a shadow mask. Finally, individual device isolation
was done by gentle razor blade scribing through most of the device stack all the way down
to the back contact, resulting in a combinatorial device library with different front contacts
but one common back contact. A schematic representation of the device library is shown in
Figure 5.1a. The substrate was not rotated during deposition, producing a library in which
the gradients in Sb2S3 and Cu2S flux were orthogonal. The latter controlled the absorber
thickness while under certain condition the former altered absorber purity and/or orientation.
The rest of the PV device layers, including the metal back contact, and CdS/TCO/metal
front contact, were spatially uniform across the entire library. A typical device cross-section
is shown in Figure 5.1b, where these different layers can be seen.
The shadow mask used in this study has 4 rows of 11 contacts each, resulting in 44
individual devices for each library. This grid was utilized in three different ways. For films
that displayed orientation or phase purity gradients, the mask was placed as shown in Fig-
ure 5.1a, such that there were 11 devices of nominally equivalent thickness but with gradients




























Figure 5.1: A schematic diagram of a combinatorial PV device library, (a), showing the
orthogonal gradients of CuSbS2 and Sb2S3 flux dictating thickness and orientation, respec-
tively, as well as the 4x11 grid of Al front contacts. A false color cross section, (b), scanning
electron micrograph of a typical device, showing the ZnO/CdS front contact, CuSbS2 ab-
sorber, and Mo back contact layers.
absorber phase purity and orientation on the device performance. Under conditions that
produced no orientation/purity gradients, two different grid orientations were used. The ori-
entation described above produced 11 nominally equivalent devices, allowing for statistical
evaluation of absorber quality. With the shadow mask rotated 90 degrees from the orienta-
tion shown in Figure 5.1a, a library of 11 devices was produced in which the only parameter
varied was the absorber thickness The performance of each combinatorial PV device library
was measured using a custom, automated, and spatially resolved current-voltage (J-V) char-
acterization tool; under simulated AM1.5G illumination on a water-cooled stage (25 C).
The resulting J-V data and the device parameters (JSC , VOC , FF, η, Rsh, RS) were loaded,
processed and plotted using customized algorithms implemented in the Igor-Pro software
package. The measurements of the absorber phase purity and crystallographic orientation
were performed using spatially resolved x-ray diffraction (XRD, Bruker D8 Discover). The
absorber composition and thickness were mapped using x-ray fluorescence (XRF, Fischer-
scope XDV-SDD). All these combinatorial measurements were performed on the same 4x11
grid of points used for device fabrication, in order to correlate the device performance with
the specific materials properties.
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For selected devices, we also performed manual single-point characterization of the device
and the absorber. The single-point capacitance-voltage (C-V) measurements were performed
on a custom setup with LabView software. The external quantum efficiency (EQE) was mea-
sured using an Oriel IQE 200 instrument. The morphology of the samples was studied using
scanning electron microscopy (SEM) on a JEOL JSM-7000F SEM and an FEI Quanta SEM
(cross section image). The devices were also characterized by dark lock-in thermography
(DLIT) to investigate the origin of variations in their shunt resistance. The absorption co-
efficients were measured using diffuse reflectance and transmittance measurements (Cary
5000i), using samples deposited directly onto EXG glass substrates. Density functional cal-
culations of the CuSbS2 surface energies, density of states, and ionization potentials were
performed with Perdew-Burke-Ernzerhof[98] exchange correlation functional using VASP
code.[43] An effective on-site potential, U = 5 eV, was applied to Cu d-states.[124] The
ionization potentials and electron affinities from DFT were corrected using the band edges
taken from GW calculations, where G refers to the one-particle Green function G and W
to the screened Coulomb interaction.[125] In order to compensate for the overestimated d-
orbital energies in GW, an on-site d-state potential of Vd = -2.8 eV is applied to the Cu
d-states.[126] The CuSbS2 effective masses were estimated from the calculated DOS using
energy smearing that corresponds to a 1000K effective temperature.
5.4 Results and Discussion
The results of the combinatorial experiments are discussed below
5.4.1 Three-stage self-regulated growth process
Recently, we have demonstrated one-stage synthesis of phase pure CuSbS2 directly onto
heated glass substrates by a self-regulated growth approach.[115] We found that there is a
75◦C processing window, where any excess flux of Sb2S3 sublimes from the growing phase-
pure CuSbS2 film. Sb2S3 precipitates are formed at lower temperature and decomposition to
the Cu12Sb4S13 phase occurs at higher temperature; within the temperature window, adjust-
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ing the Sb2S3 over-flux or substrate temperature can control the CuSbS2 hole concentration.
However, when transferring the self-regulated growth process to the metallic back contacts
nucleation of and/or decomposition into the Cu12Sb4S13 phase became more problematic,
perhaps catalyzed by the presence of the metal film. Therefore, to enable reproducible syn-
thesis of CuSbS2 at higher substrate temperatures, we developed a three-stage self-regulated
growth process (Figure 5.2). This process ensures that the CuSbS2 film is maintained under
the Sb2S3-rich conditions during both heat up (to prevent Cu12Sb4S13 nucleation) and cool




























































3-Stage, Self-Regulated Growth Approach
Sb2S3 
sublimation
Figure 5.2: Three-stage self-regulated growth process that enables CuSbS2 synthesis at higher
substrate temperatures. The first and the third stage are Sb-rich, and the second stage is
performed in the self-regulated growth mode.
Stage-1: During the first Sb-rich stage, both Cu2S and Sb2S3 sources are opened while
the substrate is still heating. The lower initial temperature produces a Sb-rich CuSbS2 seed
layer with some Sb2S3 precipitates, ensuring against nucleation of the Cu-rich Cu12Sb4S13
phase. As the temperature increases, these Sb2S3 precipitates sublime or react with Cu2S to
form CuSbS2.
Stage-2: Once the deposition temperature is reached, and remaining Sb2S3 precipitates
sublime out of the seed layer, presumably allowing the CuSbS2 grains to fill in the leftover
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voids, as will be discussed in more detail below. The remainder of this main stage is simply
the completion of film growth to the desired thickness, while maintaining the Sb2S3 rich
atmosphere to achieve the self-regulated growth regime described in [115].
Stage-3: Finally, in the third Sb-rich stage, the Cu2S source is shut off and the Sb2S3
sources remain open while the substrate cools to a point near the Sb2S3 sublimation tempera-
ture. This ensures a high chemical potential of Sb2S3 during the short period after turning off
the heat source, but before substrate temperatures are low enough to avoid decomposition.
Note that our three-stage self-regulated growth process has similarities and difference
with the widely-used CIGS three-stage synthesis approach.[127] On one hand, our process
starts and ends with the Cu-poor stages, just like the CIGS process. On the other hand, the
main stage of our process is performed under self-regulated growth conditions in excess of
Sb2S3 vapor, whereas the second stage of the CIGS process is Cu-rich. This difference results
from the need to avoid formation of the Cu-rich neighboring Cu12Sb4S13 phase in CuSbS2,
which is very difficult to convert back to CuSbS2, probably due to large asymmetric kinetic
barriers that separate the tetrahedrite (Cu12Sb4S13) and chalcostibite (CuSbS2) structures.
In contrast, in the case of CIGS, the Cu2Se-to-CIGS transformation is topotactic and hence
facile, enabling the Cu-rich synthesis and the resulting grain growth during the second stage
of the process, followed by conversion back to CIGS during the third stage.
The JV and EQE analysis of the PV devices prepared with the three-stage self-regulated
CuSbS2 absorber growth process are shown in Figure 5.3, as a function of the second stage
growth temperature. As discussed in the methods section, for each of these experiments, we
used our combinatorial approach to fabricate sets of 11 nominally uniform PV devices with
1.5 micron thick absorber layers, (mask orientation as shown in Figure 5.1a, but without the
crystallographic orientation gradient), in order to access the statistical significance of the
performance improvements (Table 5.1). For the higher growth temperatures (350-400◦C),
VOC remains constant at about 300mV, but the JSC , FF, and efficiency rise with increasing
temperature correlated with reduced series resistance (Table 5.1). This observed trend is
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attributed to increasing carrier concentrations from 1015 cm−3 at 350◦C to 1018 cm−3 and
425◦C based on the results of our previous work[115] and confirmed by CV analysis. Also,
note that the increase in JSC and FF are related due to the low overall photoresponse:
any increase in photocurrent leads to diode turn-on voltage moving deeper into the fourth
quadrant of the JV graph, producing a higher fill factor. The JV curve of the sample
deposited at 325◦C (Figure 5.3a) has the greatest VOC value, but lowest photocurrent. It
displays voltage dependent collection, which might be attributed to the presence of Sb2S3





























































Figure 5.3: JV (a) and EQE (b) response of the CuSbS2 devices as a function of the second
stage growth temperature (Figure 5.2). The inset in (a) shows XRD peaks associated with
Sb2S3 precipitates for growth below 350
◦C.
Table 5.1: The average JV parameter and their standard deviations for 11 devices, (excluding
shunted cases), as a function of the second stage growth temperature.
TSubstrate JSC VOC FF η RS RSh
(◦C) (mA/cm2) (mV) (%) (%) (Ω cm2) (Ω cm2)
325 2.14 ± 0.36 390 ± 36 25.9 ± 1.3 0.21 ± 0.04 263 ± 50 417 ± 90.5
350 2.76 ± 0.18 284 ± 52 31.2 ± 2.4 0.25 ± 0.07 154 ± 14 381 ± 97.8
380 3.28 ± 0.76 295 ± 41 34.4 ± 4.8 0.33 ± 0.09 103 ± 23 312 ± 108
400 3.87 ± 0.64 303 ± 39 50.2 ± 2.3 0.58 ± 0.06 40 ± 7.4 336 ± 217
Comparison of these EQE results with the absorption coefficient from optical measure-
ments and the depletion width from CV measurements (see supplementary Figure B.1)
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suggests that even the carriers generated within the space charge region do not get collected
with unity probability. The CV experiments suggest a depletion width on the order of 100
nm inside of the CuSbS2 PV device. A simple Beer-Lambert analysis indicates that 64% of
the 600 nm photons will be absorbed in these first 100 nm of CuSbS2, given the 10
5 cm−1
absorption coefficient at this wavelength.[115] This 64% carrier generation number strongly
contrasts with the measured 20% EQE at this wavelength (Figure 5.3b), suggesting that
carrier recombination occurs even within the space charge region, where their collection is
enhanced by drift due to built-in electric field. These observations call for further improve-
ments in the CuSbS2 absorber quality, in particular, a reduction in bulk defect concentration.
5.4.2 Combinatorial studies of PV absorber material properties
Here we report the CuSbS2 PV device performance trends with phase purity, crystallo-
graphic orientation (including the resulting morphology), and layer thickness, by the appli-
cation of combinatorial gradients of these parameters in the CuSbS2 devices.
5.4.2.1 Phase purity and composition
The combinatorial gradient in phase purity was achieved by eliminating the third, Sb-
rich stage of the three-stage self-regulated absorber growth process (Figure 5.2), and hence
letting the CuSbS2 absorber partially decompose into detrimental Cu12Sb3S14 upon cooling.
We note that both phase-purity and crystallographic orientation gradients were quite difficult
to control, but nevertheless, when present, they provided a quick way to study the effects
of these important parameters on the PV device performance. To study the effects of phase
purity of the CuSbS2 absorbers (controlled by composition) on the PV device properties in
combinatorial way, we placed the 11 devices parallel to the gradients in phase purity, as
shown in Figure 5.1a and discussed in the methods section.
Figure 5.4 shows the effect of the Cu-rich impurity phase (Cu12Sb4S13), controlled by
cation stoichiometry of the absorber layer, on the PV device performance. Both VOC and
JSC decline rapidly with increasing Cu content in the films (Figure 5.4a), which correlates
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with the presence of Cu12Sb4S13 inclusions (Figure 5.4b). When a substantial amount of the
Cu12Sb4S13 impurities are present, the devices shows no photoresponse due to shunting that
results from the high conductivity of Cu12Sb4S13.[115] In a similar but less severe way, the Sb-
rich impurity phase also results in deterioration of the PV device performance (Figure 5.3a).
Together, these observations reinforce the importance of development of the three-stage self-
regulated growth process (Figure 5.2) that leads to stoichiometric phase-pure CuSbS2 thin
films, in contrast to CIGS, CZTS or CTS where large deviations in stoichiometry are allowed





















































Figure 5.4: JSC and VOC, (a), and XRD phase purity maps (b) of CuSbS2 PV devices as a
function of absorber composition.
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5.4.2.2 Crystallographic orientation and morphology
Adjusting the timing and temperature of the first stage of the three-stage self-regulated
growth process can greatly impact both crystallographic orientation and film morphology.
Combinatorial exploration revealed the high sensitivity to these two coupled growth vari-
ables, as slight variations creating gradients in crystallographic orientation and film morphol-
ogy across the sample. Figure 5.5 displays the impact of crystallographic orientation (and
the resulting morphology) from a library of 11 CuSbS2 absorbers grown at 350-380
◦C, which
had nominally identical thickness and purity. Moving from left to right the XRD patterns
shift from being highly textured in the 00l-direction, to exhibiting a random orientation
(Figure 5.5c), and the resulting morphology changes from smooth to rough (Figure 5.5a/b).
During this transition the VOC increases while the JSC decreases (Figure 5.5c), and the mag-
nitudes offset each other, such that the overall device efficiency remains approximately the
same.
Both of these trends can be rationalized by the change in the electron affinities and
electronic states of the different CuSbS2 surfaces calculated from first-principles. Shown in
Figure 5.6a, surface calculations indicate that CuSbS2 has two low energy terminations: the
(001) and (010) with surface energies of 12.4 and 14.6 meV/ respectively. The (100) plane,
(23.1 meV/), the (101), and (011) planes, (∼30 meV/), have higher surface energies. The
electronic structure of these two low energy surfaces indicate the presence of surface states,
with the (010) showing a 2-3 times higher density of surface states than the (001) surface.
This is consistent with chemically benign lone-pair termination of (001). Figure 5.6b shows
the calculated ionization potentials and electron affinities for the CuSbS2 and compares them
with values for CdS buffer, suggesting a cliff-type band alignment with CdS in the 0.8 - 1.4
eV range, depending on the CuSbS2 surface orientation. The large differences in CuSbS2
electron affinities with orientation, and the relatively high position of its CBM compared to
CdS, are both notable but not unexpected. Such effects have been reported before for other
materials with lone pairs, such as SnS.[122]
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Figure 5.5: SEM images of (a) 001, (hkl), textured and (b) randomly oriented thin films. PV
device performance as a function of CuSbS2 crystallographic orientation and film morphology,
showing how JSC and FF increase, and VOC declines with increasing 001 orientation. The
dashed lines are guides to the eye.
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Based on these calculation results, one possible theoretical explanation (Figure 5.6) of
the experimental increase in JSC with increasing crystallographic orientation (Figure 5.5)
could be due to a decrease in the number of interface states between the CdS buffer layer
and larger-grain CuSbS2 (001) surfaces, rich with non-bonding Sb lone pairs. The decrease
in VOC with increasing crystallographic orientation suggests an increasing cliff-type conduc-
tion band offset between CdS and the CuSbS2 (001) surfaces, which is consistent with the
calculated higher conduction band position compared to the other surface orientations (Fig-
ure 5.6a). However, we note that alternative explanations are also possible, since the JSC
and VOC trends in Figure 5.5 are observed for relatively low efficiency devices. More efficient
devices would be needed to conclusively support or rule out the theoretically predicted effects
in Figure 5.6. The theoretical results presented above can also be used to rationalize the
observed CuSbS2 orientation gradients with changing the temperature or the timing of the
first stage of the absorber growth process. During the first stage, as the substrate tempera-
ture rises, the Sb2S3-rich impurities will sublime, presumably leaving behind voids between
CuSbS2 grains with different orientations. In accordance with Gibbs-Wulff theorem,[128]
we hypothesize that the (001)-oriented CuSbS2 grains are able to more quickly infill these
voids, since the orthogonal (100) and (010) CuSbS2 surfaces have more dangling bonds (Fig-
ure 5.6). This overgrowth process results in (001) oriented grains shown in Figure 5.5a (left).
However, if the first stage starts closer to the Sb2S3 sublimation temperature, fewer voids
will be present, and thus fewer infill (001) grains, resulting in overall more randomly oriented
grains and a rougher surface morphology, shown in Figure 5.5b (right).
5.4.2.3 Absorber layer thickness
The thickness of the CuSbS2 absorber was optimized by placing the 11 devices parallel
to the thickness gradient (4x11 mask orientation orthogonal to what is shown in Figure 5.1a,
and without the absorber crystallographic orientation gradient, as discussed in the methods
section). This was done on three separate combinatorial PV device libraries with different




Figure 5.6: Calculated (a) density of states of CuSbS2 surface slabs (normalized by surface
area), and (b) band offsets for CuSbS2/CdS. The (001) planes have the most offset, resulting
in reduced VOC, while they also have the lowest energy/fewest surface states. The red
and blue lines in (a) are projections onto the surface and bulk, respectively, with yellow
highlighting the surface states. The CdS band positions in (b) are average over the wurzite
(1120), (1010), and zinc-blende (110) orientations
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for 2.0 hours, and 1.0 - 1.5 µm for the library grown for 4.0 hours, and a third library (without
any gradients) grown for 8 hours with rotation at 20 rpm. The rotation was required to ensure
against gradients in orientation or phase purity which become more difficult to eliminate for
longer growth periods, but also eliminated the thickness gradient for this library.
As shown if Figure 5.7b, the device parameters (JSC, VOC, and efficiency) display some
trends with absorber thickness, once the edge effects and shunting are taken into account.
In Figure 5.7, devices near the edge of a library, which typically had larger variations in JSC,
are marked with open circles. Additionally, the shunt resistance, which was found to greatly
affect VOC, was used to color each point, with black points showing the highest values, and
therefore the best diode behavior. Once accounting for these effects, the trends of JSC and
VOC with changing absorber thickness can be identified.
As shown in Figure 5.7a, the JSC increases from 1 to 3 mA/cm
2 with increasing absorber
thickness in the 0.6 - 1.5 µm range, with reduced slope for higher absorber thicknesses. We
attribute this trend to decreased recombination in the top layer of the thick film, rather than
increased absorption in the entire thickness of the film, because the studied thickness range
is larger than the absorption depth of CuSbS2 (90% of 600 nm photons in the first 0.2 µm of
the absorber, Figure B.1). The VOC also increases with increasing thickness (Figure 5.7b),
going from ∼0 V at 600nm, to 0.35 V at ∼ 1µm, but in contrast to JSC, this trend then
flattens out, or may even begin to decline, at thicknesses higher than 1 µm. We attribute the
initial VOC increase to a transition to a continuous absorber film with no pinholes. FF was
analyzed but remained relatively constant in the 30% range for all thicknesses. Together,
the constant FF combined with the VOC / JSC trends point to an optimal efficiency at 1.0 -
1.4 µm absorber thickness (Figure 5.7c), which is thinner than that for typical for CIGS cells
(∼1.5-2.5 µm). In part, this can be attributed to higher absorption coefficient and larger
effective masses of CuSbS2 (me* = 2.9 m0, mh* = 3.7 m0) compared to CuInS2 (5-10x lower
in the same theoretical approximation). Also it appears that the CuSbS2 absorber thickness
could be further reduced, but only if pinhole-free layers with lower defect densities at the
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Figure 5.7: Device performance parameters, including (a) JSC, (b) VOC and (c) efficiency,
as a function of CuSbS2 absorber thickness. JSC increase with absorber thickness in the 0.6
- 1.5 µm range, but VOC and efficiency saturate at 1.0 µm and 1.4 µm respectively. The
dashed lines are guides to the eye. Open circles are devices at the edge of a library
5.4.3 Optimization of Back Contact
Table 5.2 summarizes the results of PV devices with the same CuSbS2 absorber but
different metallic back contacts. Here, for each of the studied back contacts we use the
combinatorial approach to fabricate 11 nominally identical devices with 1.2 µm absorber
thickness, allowing for statistical evaluation of the results. PV devices with photoresponse
were obtained only on Pt or Mo back contacts. The Mo electrode provided better current
collection (JSC), quasi-Fermi level splitting (JSC), and diode quality (FF), despite the deeper
work function of Pt that should lead to better majority charge carrier collection. However,
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we observed that CuSbS2 failed to adhere to Pt at higher substrate temperatures (>350
◦C),
so it is possible that a less intimate electric contact between Pt and CuSbS2 exists even at
moderate substrate temperatures (350◦C), leading to poor charge collection. In addition,
we noticed that the CuSbS2 PV device on Pt had lower shunt resistance compared to the
devices on Mo (Table 5.2). Using dark lock-in thermography (DLIT), we determined that
the lower shunt resistance was due to the isolation method. The softer Pt metal back
contact was displaced by the scribe putting it in touch with the front-contact TCO layer
(see supplementary Figure B.2).
Table 5.2: The average PV device efficiency parameters and standard deviations (excluding
completely shunted device) for different back contacts.
Back Contact JSC VOC FF η RS
(◦C) (mA/cm2) (mV) (%) (%) (Ω cm2)
Mo 3.53 ± 0.2 330 ± 23 41 ± 7.5 0.49 ± 0.13 574 ± 275
Pt 1.81 ± 0.1 227 ± 50 25 ± 0.9 0.10 ± 0.03 215 ± 115
MoOx (thin) 8.91 ± 2.5 309 ± 61 31 ± 3.1 0.86 ± 0.34 113 ± 14
MoOx (thick) 3.51 ± 0.6 312 ± 80 36 ± 7.0 0.4 ± 0.17 550 ± 234
The CuSbS2 PV devices on W, Ni, Pd, Au and FTO back contacts did not show any
photoresponse, but for different reasons. The growth on Au resulted in a strong chemical
reaction with CuSbS2. This is surprising given golds tendency to resist chemical reactions,
but considering gold and copper are completely miscible and have a high affinity for each
other,[129] perhaps the Au scavenges free Cu released in sputtering and leads to morpholog-
ical instabilities. The morphology of CuSbS2 grown on Au was showed micron-sized spikes
(supplementary Figure B.2), accompanied by large increase in conductivity, resulting in lin-
ear/shunted JV response of the PV devices. In contrast, JV device measurements of the
CuSbS2 films on W indicated large bulk resistance of the absorber material and still no pho-
toresponse. The growth on Ni resulted in delamination of the CuSbS2 film, but in a slightly
different way than for Pd and Pt (high temperature). Rather than curling up in small 0.1
mm flakes that are indicative of stress (on Pt and Pd), the CuSbS2 films on Ni delaminated
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as flat 2 4 mm flakes. Finally, the as-grown CuSbS2 absorber films on fluorine doped tin
oxide (FTO) initially had high morphological quality, but within hours pinholes started to
form, growing in size and density and eventually resulting in the loss of the films.
In addition to metallic back contacts, we also studied MoOx and Cu12Sb4S13 as charge-
selective layers on Mo electrodes (Table 5.2), similar to what has been previously studied for
CdTe[130] and CIGS.[131] The PV devices grown on Mo/MoOx had better efficiency (up to
1%) due to higher JSC (up to 10 mA/cm
2), but only for thinner (0.8 µm) CuSbS2 absorber
layers (Table 5.2). This JSC difference can likely be attributed to charge-selective proper-
ties of the thin oxide layer (Figure 5.8). MoOx has a deep (6.6eV) work function[132] that
is suitable to collect holes better than Mo (Figure 5.8a), and thus reflects photogenerated
electrons due to the resulting upwards band-bending in the absorber. This turned out to be
particularly important for JSC of the PV devices with thin CuSbS2, where the electrons are
generated throughout the thickness of the absorber (Figure 5.8c). On the other hand, for the
thick CuSbS2 absorber, most of the electrons are generated close to the front contact, and
hence MoOx does not affect the device performance (Figure 5.8b). Overall, these findings
are similar to what was recently reported for superstrate CIGS.[133] Possible alternative
explanations of the JSC trend with absorber thickness are the MoOx insulating properties or
sulfurization of the MoOx layer. A very thin insulating layer between the absorber and back
contact could allow thinner absorbers to be used without the usual shunting. Additionally,
MoOx may more easily sulfurize than Mo, via anion substitution. This will allow the forma-
tion of the familiar, and beneficial MoS2 layer between the absorber and back contact, even
at these deposition conditions, which have a lower temperature and lower sulfur potential
than CIGS growth. Similar CuSbS2 charge-selective back contact experiments with 40 nm of
Cu12Sb4S13 degenerate p-type semiconductor[115] did not lead to any statistically significant
improvements in PV device performance, regardless of the thickness of the CuSbS2 absorber
(0.6-1.2 µm), suggesting that the Cu12Sb4S13 /CuSbS2 valence band alignment may not be


















































Figure 5.8: Schematic band diagram for (a) Mo/CuSbS2 (thin), (b) MoOx/CuSbS2 (thick)
and (c) MoOx/CuSbS2 (thin), showing enhanced drift collection only for thinner CuSbS2
absorber layers.
5.5 Summary and Conclusions
Accelerated development of thin film photovoltaic device prototypes has been demon-
strated on the example of novel CuSbS2 absorbers, with CIGS-like substrate PV device ar-
chitecture and a CdS heterojunction partner. First, it was found that deposition of CuSbS2
directly onto metal contacts at elevated temperatures catalyzed the formation of impurity
phases, and a Sb-rich three-stage self-regulated absorber growth process was developed to
solve this problem. Second, combinatorial PV device studies indicate that CuSbS2 absorbers
have little tolerance to defects produced under either Cu-rich impurities or Sb-rich deposition
environments, and that stoichiometric and phase pure material is essential to improve their
efficiency. Theoretical calculations and the observed dependence on crystallographic orien-
tation/morphology suggest that the electronic states of the different CuSbS2 surfaces can
significantly impact device integration, and also suggest that CdS may not be the optimal
heterojunction partner for the CuSbS2 absorber. Third, the high-throughput experiments
indicated that the optimal thickness of the CuSbS2 absorbers is 1.4 µm when deposited on
Mo, 0.8 µm when deposited on MoOx, and the alternative contacts explored (Pt, Pd, Au,
Ni, W, FTO) were unsuitable. The results described above demonstrate the benefits of the
high-throughput combinatorial approach for accelerating device development. These results
also reveal that the ideal architecture for CuSbS2 may be quite different than for CIGS,
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despite the apparent similarity of these two absorbers.
In conclusion, more research and development is needed to enhance the energy conversion
efficiency of the CuSbS2 PV technology beyond the ∼ 1% demonstrated here. Currently,
device efficiency is limited by low short circuit current that results from bulk recombination
of the photogenerated charge carriers and a low VOC that is attributed to poor conduc-
tion band alignment. Identification and quantification of defects that limit minority carrier
lifetimes would help to determine if the low electron diffusion lengths is due to the poor
absorber morphology related to the deposition method, or due to intrinsic bulk defect prop-
erties of the CuSbS2 material. It is suggested that further research and development should
focus on improved control over nucleation in order to produce defect-free sub-micron films
to capitalize on the outstanding optical properties of CuSbS2, as well as the development
of alternative heterojunction partners with higher conduction band position compared to
CdS. These efforts should result in improvements in current collection and open-circuit volt-
age, respectively, and hopefully elevate the energy conversion efficiency of the CuSbS2 PV
technology to competitive levels.
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CUSBSE2 PHOTOVOLTAIC DEVICES WITH 3% EFFICIENCY
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This chapter discusses initial device fabrication results for the selenide ternary, and was
published in the August 2015 issue of Applied Physics Express.
6.1 Abstract
Recent technical and commercial successes of existing thin film solar cell technologies
motivate exploration of next-generation photovoltaic (PV) absorber materials. Of particular
scientific interest are compounds like CuSbSe2 that do not have the conventional tetrahedral
semiconductor bonding. CuSbSe2 has a 1.1 eV optical absorption onset, 10
5 cm−1 absorption
coefficient, and a hole concentration of 1017 cm−3. Here, we demonstrate CuSbSe2 PV
prototypes with efficiencies >3%, prepared by a self-regulated sputtering process using the
conventional substrate device architecture. Bulk recombination, device engineering issues,
and a non-ideal CuSbSe2/CdS band offset likely limit the promising initial result.
6.2 Letter Text
Current thin film solar cell technologies such as CdTe and Cu(In,Ga)Se2 have achieved
champion efficiencies in excess of 20%[134] after decades of research and development, and
are being commercialized at a large scale. As such, research and development have more
room to explore emerging photovoltaic (PV) absorber materials, like Cu2ZnSnSe4[135] or
Cu2SnS3,[76] both tetrahedrally bonded solids. Such studies of novel inorganic semiconduc-
tors can create a more secure energy source by increasing the diversity of the solar energy
7National Renewable Energy Laboratory, Golden, CO
8Colorado School of Mines, Golden, CO
9corresponding author
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conversion technologies, with no single chemical element being critical to power generation.
In addition, studying non-tetrahedrally bonded PV absorber materials, such as SnS[108]and
Sb2Ch3 (Ch=S,Se)[110, 136] can reveal which physical properties, chemical characteristics
or structural features are most critical for efficient solar energy conversion. For all these
reasons, we choose investigate CuSbSe2 as a PV absorber.
CuSbSe2 is an interesting novel PV absorber material because it is chemically quite
similar to the well-known CuInSe2, but structurally very different due to the low-valent
state of antimony.[29, 79] In CuSbSe2, antimony is in the +III oxidation state like indium
in CuInSe2; however, unlike indium, antimony contains a lone pair of non-bonding electrons
that frustrate the tetrahedral bonding, resulting in a layered orthorhombic (space group
Pmnb) chalcostibite crystal structure.[11, 80] There has been surprisingly little attention
to PV applications of CuSbSe2, compared to CuSbS2.[33, 116]The few published studies
describe electronic structure (Cu-Se valence band/Sb-S conduction band and α = 104-105
cm−1)[137, 138] as well as the optoelectronic properties of thin films (Eg=1.1-1.2 eV, p-type)
and photoelectrochemical device performance (∼ 10% EQE, ∼50 µA/cm2 photocurrent)[31,
39] of Cu-rich and Cu-poor CuSbSe2 absorbers.
In this letter, we demonstrate initial prototypes of CuSbSe2 PV devices with a CdS
heterojunction partner and substrate architecture composed of a ZnO front contact and Mo
back contact. As previously demonstrated with CuSbS2[115, 139]stoichiometric phase-pure
CuSbSe2 can be grown using a self-regulated, three-stage approach, where the growth rate
is controlled by Cu2Se flux, while excess Sb2Se3 remains in the vapor phase. The resulting
CuSbSe2 films with micron-scale grains grown between 380
◦C and 410◦C have a 1.1 eV
optical absorption onset, a hole density of 1017 cm−3, ∼50% external quantum efficiency,
and >3% energy conversion efficiency. These results are encouraging as for a PV device
prototype, and call for further research and development of CuSbSe2 PV technology.
The conditions for absorber synthesis were developed through combinatorial sputtering
on glass substrates (see Supplementary information for more details). As shown in Figure 6.1,
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two Sb2Se3 binary targets were oriented perpendicular to a third Cu2Se source. The glass
substrates were not rotated, resulting in orthogonal gradients of absorber thickness and
deposition rate (Figure 6.1), since excess Sb2Se3 remained in the vapor phase. Normalized
to deposition rate, substrate regions closer to the Cu2Se target experienced a lower Sb2Se3
flux than the regions farther from the Cu2Se target. This relative Sb2Se3 flux, ∆F, was
quantified as ∆F(Sb2Se3) = cP(Sb2Se3)/(P(Cu2Se) + γdt), where P are the gun powers, dt
is the throw distance from the Cu2Se target, γ is a fitting parameter that describes reduction
in flux density with increasing throw distance, and c is a constant that converts sputtering
power to atom flux (assumed here equal for Cu2Se and Sb2Se3). The fitting parameter γ
was found using two libraries deposited at 380◦C and at different flux conditions, which
resulted in the overlap in the ∆F = 1.7 - 2.2 range where the transition point from phase
pure CuSbSe2 to CuSbSe2+Cu2Se was observed. The resulting CuSbSe2 absorbers had dense
morphology and relatively large (>1 µm) but irregular grains (inset, Figure 6.2b).
Figure 6.1: Schematic of the experimental setup showing relationship of sputter sources to
substrate, and the resulting XRF measured CuSbSe2 thickness profile of a representative
library on a glass substrate. The combinatorial grid shows 4 rows of 11 measurements
each, placed along the thickness gradient. For the CuSbSe2 devices on Mo substrates had
orthogonal orientation of the grid, and hence no thickness gradient across 11 points on 1
row.
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The CuSbSe2 material- and device- combinatorial sample libraries fabricated were char-
acterized using spatially-resolved measurement techniques for composition, structure, thick-
ness and device performance. A total of 44 spatially-resolved automated measurements were
taken on each combinatorial sample library, followed by single-point manual characterization
of morphology, optical and electrical properties on the most interesting samples. For the ab-
sorber materials libraries grown on glass, 4 equivalent rows of 11 data points were measured,
each with different thicknesses in the 1.6 - 2.6 µm range, as shown in Figure 6.1. For the PV
device libraries, 11 equivalent data points for each studied row of devices were measured,
orthogonal to what is shown in Figure 6.1. The absorber in the devices spanned a thickness
from 1.0 - 1.5 µm, with JV results for only the thickest rows (1.5 and 1.3 µm) reported in this
paper. More fabrication and characterization details for the CuSbSe2 materials- and device-
combinatorial libraries are summarized in Supplementary Information, and were similar to
our recent CuSbS2,[115] and Cu2SnS3[64, 97] publications.
Ab-initio first principles calculations were performed using the VASP code.[140] The
band gap and optical absorption spectrum was theoretically determined from quasiparticle
energy calculations in the GW approximation.[125] In order to determine the single-phase
stability regions of CuSbSe2, we performed density functional theory (DFT) calculations
for CuSbSe2 and the relevant competing phases, including Sb2Se3, Cu3SbSe3, and Cu2Se.
The respective compound formation enthalpies were determined using the fitted elemental
reference energies.[44] The vapor pressures of Sb2Se3(g) in equilibrium with CuSbSe2(s) were
calculated for the 3 CuSbSe2(s) → Cu3SbSe3(s) + Sb2Se3(g) and 2 CuSbSe2(s) → Cu2Se
(s) + Sb2Se3(g) decomposition pathways. To calculate the free energy change for these
reactions we used DFT formation enthalpies of solid phases and the free energy of Sb2Se3(s)
sublimation calculated from experimental vapor pressure.[45]
Previous experimental work by our group[115] has demonstrated phase pure growth of
the related CuSbS2 compound, by employing substrate temperatures above the sublimation
of Sb2S3 but below the decomposition into Cu-rich phases. The same synthesis strategy has
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been applied in this work for CuSbSe2 absorber. As shown in theoretical analysis in Fig-
ure 6.2a, the shaded yellow region between CuSbSe2 decomposition and Sb2Se3 sublimation
defines the processing window for phase-pure material. At a given temperature, there is
a range of Sb2Se3 equilibrium vapor pressure between the sublimation and decomposition
lines for the CuSbSe2 phase. If the Sb2Se3 partial pressure is too high, Sb2Se3 impurities
will remain in the film. If the Sb2Se3 partial pressure is too low, the deposited CuSbSe2 will
decompose to Cu3SbSe3. Further reduction in Sb2Se3 partial pressure produces no ternary
phases. Thus, phase-pure CuSbSe2 should be grown in the temperature-pressure region
bound by these two decomposition lines (Figure 6.2a).
Experimentally, the Sb2Se3 pressure is controlled in our chamber by the relative Sb2Se3
flux (see definition above). Consistent with the theoretical calculations (Figure 6.2a), we
find that for a given substrate temperature (350, 380 and 410 ◦C in our experiments), there
is a range of relative Sb2Se3 flux values which produce stoichiometric CuSbSe2 material with
a Cu atomic ratio of Cu/(Cu+Sb+Se)=0.25 (Figure 6.2b) and phase-pure XRD pattern
(Figure 6.3a). The too low relative Sb2Se3 flux leads to CuSbSe2 decomposition into Cu2Se
+ Cu3SbSe3, resulting in Cu atomic ratios >0.25, and too high Sb2Se3 flux leads to Sb2Se3
impurities remain in the film, resulting in Cu atomic ratios < 0.25. Projecting experimental
Figure 6.2b onto theoretical Figure 6.2a, it appears that the experimental Sb2Se3 relative
flux ratios achieved in our chamber roughly translate to an Sb2Se3 partial pressure range of
10−8 - 10−5 Torr, depending on the Cu2Se throw distance. This graded Sb2Se3 flux ratio
along the combinatorial library results in both thicker films and higher Cu chemical potential
closer to the Cu2Se target. Combinatorial studies to decouple these two gradients and to
study their individual effects on CuSbSe2 device performance are currently in progress and
will be reported in a separate full-length article.
Regions of the combinatorial libraries corresponding to the different amounts of Cu incor-
poration were characterized for optical absorption to identify the band gap of the phase pure











































































 CuSbSe2 + Cu2Se
 CuSbSe2 + Cu3SbSe3
 Sb2Se3
Cu3SbSe3
Figure 6.2: (a) Theoretical calculations reveal a range of Sb2Se3 equilibrium vapor pressure
and temperature where phase-pure CuSbSe2 can be grown, with horizontal lines represent-
ing the experimental results. (b) Experiments confirm that stoichiometric CuSbSe2 can be
deposited in a range of Sb2Se3 fluxes and substrate temperatures. Inset: cross-section SEM
image, displaying film thickness, device structure and absorber morphology.
properties (Figure 6.3b). As shown in Figure 6.3a, the stoichiometric CuSbSe2 films had a
sharp absorption onset at 1.1 eV that saturated to nearly 105 cm−1 only 0.35 eV above the
band gap. These results are in very good agreement with the GW theoretical calculations,
leading to high confidence in the reported CuSbSe2 optical absorption properties. Overall,
these results are indicative of a nearly-direct band gap in this material, in agreement with the
prior theoretical[137, 138] and experimental[31, 39] reports. Cu2Se impurities (Figure 6.3b)
appear to increase sub-bandgap absorption in CuSbSe2 (Fig, 3a), consistent with additional
carriers from this degenerate semiconductor. Conversely, Sb2Se3 impurities seem to further
reduce sub-band absorption in CuSbSe2, possibly due to total elimination of Cu2Se impu-
rities (Figure 6.3). However it should be noted that the 103 cm−1 values are close to the
instrument error for the measured very thin ∼500nm films, so thicker films would be required
to study the sub-gap absorption in more details in the future.
Figure 6.4a displays the JV characteristic of the highest efficiency CuSbSe2 PV device,















































































Figure 6.3: (a) Absorption coefficient values for stoichiometric CuSbSe2, and for CuSbSe2
that contains phase impurities. Black lines are the results of GW theoretical calculations.
(b) XRD phase identification for the different regions on the combinatorial libraries. The ex-
perimental results are black lines, and reference patterns are green (CuSbSe2), blue (Sb2Se3),
and red (Cu2Se) bars.
thickest (1.5 µm) row of a combinatorial library grown at 380◦C. Excluding 2 shunted devices,
the 9 remaining devices had average values of: VOC = 346 ± 7 mV, JSC = 20.51.7 mA/cm
2,
FF = 43.92.8, and efficiency = 3.120.41%. The difference between the JSC measured by
JV (up to 22 mA/cm2, Figure 6.4a) and integrated EQE x AM1.5G (up to 18 mA/cm2,
Figure 6.4b) is likely due to asymmetry in the CuSbSe2 spectral response combined with
400-500 nm peaks in the Xe-lamp spectrum. The thinner (1.3 µm) row of devices had
slightly lower efficiencies due to lower photocurrents. The remaining two yet-thinner rows
of devices were used for other experiments, and hence are not discussed here.
The JSC, VOC and FF values listed above are approximately a half of what might be
expected for an ideal 1.1 eV gap absorber. This is quite promising as for an initial CuSbSe2
PV device prototype, but calls for further analysis to improve this performance. Probably,
the less-than-ideal FF is due to the lack of device optimization, leading to shunts, isolation
issues and so on, which are quite typical of the initial PV device prototypes. The mea-
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sured non-ideal VOC may tentatively be attributed, in part, to the extrinsic device problem,
a possible cliff-type band offset between the n-type CdS heterojunction and the layered
ternary CuSbSe2 absorber (similar to our analysis on CdS and CuSbS2)[139], but more work
is needed to verify this hypothesis. This is in contrast to tetrahedrally-bonded quaternary
Cu2ZnSnS4[141, 142] or Cu2SnS3[143, 144] where similar VOC deficit is often attributed to
the intrinsic materials problem of cation disorder. Finally, the half-of-ideal short circuit cur-
rents (JSC) indicate substantial room for improvement in collection of photogenerated charge












































































































Figure 6.4: (a) JV results for the most efficient 3.5% CuSbSe2 PV device and a histogram
analysis of efficiency for all 9 nominally equivalent, non-shunted devices from the first row
on the combinatorial library as the inset. (b) EQE results for the 3.5% CuSbSe2 PV device,
including the integrated EQE x AM1.5G product, and CV analysis as the inset.
To provide more insight into the bulk- and interface photocurrent recombination path-
ways in the 3.5% CuSbSe2 PV devices, we performed spectrally-resolved EQE measurement
under white light bias (Figure 6.4b). As expected, the EQE for >1000 nm and <500 nm is
limited by insufficient absorption in CuSbSe2 and parasitic absorption in CdS, respectively.
In the intermediate 500 - 1000 nm region of interest, the EQE changes from 40% at higher
wavelengths collected deeper in the bulk of the device, to 60% at lower wavelengths col-
lected closer to the p-n heterojunction. The 40% EQE results between 750 and 1000 nm
wavelength suggests significant recombination losses in the bulk due to low minority carrier
diffusion lengths outside of the space charge region. The collection improves up to 60% in
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the 500 - 750 nm spectral range, pointing to drift-enhanced carrier collection in the space
charge region. Consistent with this result, the CV characteristics indicate a narrow depletion
width of 135 nm due to relatively high hole concentration of 2x1017 cm−3. Given the mea-
sured absorption coefficient (7x104 cm−1 at 900 nm, Figure 6.3a), a Beer-Lambert absorption
depth calculation suggest that 50% of the <900 nm photons are absorbed within this 135
nm space charge regions. This 50% number is comparable with the average EQE values in
the 500-1000 nm spectral range, supporting the hypothesis of drift-enhanced operation of
our CuSbSe2 PV device.
In summary, phase-pure CuSbSe2 thin films have been synthesized by sputtering, charac-
terized for optical absorption, and made into initial PV device prototypes. The stoichiometric
CuSbSe2 is relatively easy to grow using the self-regulated synthesis technique that keeps ex-
cess Sb2Se3 in the vapor phase. The CuSbSe2 absorption onset is indicative of nearly-direct
1.1 eV band gap that matches well the solar spectrum, making this material interesting for
thin film PV device integration. Preliminary PV devices in the substrate architecture with
Mo back contact, CdS heterojunction partner and ZnO front contact show promising >3%
initial energy conversion efficiencies, limited by bulk photocurrent recombination (affects
JSC), likely cliff-type CuSbSe2/CdS band offset (affects VOC), and device engineering issues
(affects FF). Therefore, future work should focus on identification and improvement of band
offsets between CdS and CuSbSe2 to increase VOC, decreasing bulk defect recombination of
the CuSbSe2 absorber material to increase JSC, and general device engineering improvements
to increase the FF.
The Rapid Development of Earth-abundant Thin Film Solar Cells project is supported
by the U. S. Department of Energy, Office of Energy Efficiency and Renewable Energy, as
a part of the SunShot initiative, under Contract No. DE-AC36-08GO28308 to NREL. We
would like to acknowledge Clay DeHart for consistent high quality and rapid application of
top contact layers, and F. Willian de S. Lucas for informative discussion.
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CHAPTER 7
CONTROL OF DOPING FOR OPTIMIZED DRIFT COLLECTION IN 4% EFFICIENT
CUSBSE2 SOLAR CELLS
Authors: Adam W. Welch,10,11,12 Lauryn L. Baranowski,10,11 Hannes Hempel,13 Clay
DeHart,10 Colin Wolden,11 Andriy Zakutayev10,12
This chapter will discuss the materials and device development steps associated with the
Se based ternary chalcogenide. It has been prepared as a draft publication to follow up to
on the letter encompassing Chapter 6.
7.1 Abstract
In this paper, the emerging solar absorber, CuSbSe2, is explored at both a basic materi-
als level and then by fabrication preliminary devices, using a rapid combinatorial approach.
A self-regulated growth process is used to synthesize phase pure material by co-sputtering
and spatially resolved characterization. XRD, Raman, and XRF are used to characterize
composition and structure as a function of the deposition parameters. We then report a de-
tailed investigation of the tunable electrical properties by four-point-probe and optical pump
probe methods. Preliminary devices are fabricated using traditional chalcogenide substrate
heterojunctions, where we explore device performance trends within the range of tunability.
Capacitance-voltage (CV) and quantum efficiency measurements reveal the devices to be
limited by the short diffusion lengths, drift collection being the dominant method of current
production. We are able to tune the device by controlling carrier concentration with depo-
sition flux, producing an optimal result of 4.7% efficiency, and find similar efficiencies but
greater open circuit values with Na incorporation. We conclude that CuSbSe2 has promise
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if diffusion lengths can be increased.
7.2 Introduction
Global installed photovoltaic (PV) capacity is predicted to continue its rapid exponen-
tial growth, soon reaching 200 Gigawatts (GW), adding another 200 GW in ten years, and
another 200 GW in the following five years.[145] In this dynamic environment, the focus
of advanced PV research is not entirely clear. Certainly, the most immediate concern is
scaling existing technologies; an effort that can and should include a search for disruptive
advances that may be more amenable to scale.[146] Such technologies should allow for in-
creased efficiency, reduced materials usage, reduced manufacturing complexity, and reduced
manufacturing cost.[147] Additionally, durability/bankability cannot be ignored. Highly ef-
ficient but novel technologies will not attract the capital necessary for scale, unless return
on the investment can be proven, which, in the case of solar, requires at least 25 years of
consistent power delivery.[148]
In this paper, we study CuSbSe2, a potentially disruptive technology that could meet
all five criteria. With a band gap of 1.1 eV[117] it offers at least the same detailed balance
theoretical efficiency[149] of CuInGaSe2 (CIGS) or Si; with better efficiencies possible as a
bottom layer in a CdTe tandem device. The nearly-direct nature of the band gap[29] means
the material can be incorporated as a thin film device, reducing materials usage. We have
previously demonstrated[117] high quality phase pure CuSbSe2 thin films via straightfor-
ward sputtering methods within a range of deposition parameters, reducing manufacturing
cost and complexity. Finally, CuSbSe2 is likely to do well in durability testing, as it is a
thermodynamically stable,[21] inorganic compound found in the earths mantel.[150]
There has not been a great deal of previous research on CuSbSe2. It has been theo-
retically suggested as an alternative thin film PV absorber material,[29, 80] with moderate
photocurrents observed in thin film photoelectrochemical cells.[31, 39, 151] Recently, solid
state PV devices borrowing the traditional CIGS/CZTS architecture have begun to emerge
with reported device efficiencies of 1.3% using hydrazine solution processing,[38] and 3.6%
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by sputter deposition.[117] In this paper, we build on our previous report, with a more in-
depth study of carrier mobility, compositional tolerances of device performance, control of
the defect chemistry, and finally, further push the efficiency to 4.7%.
7.3 Results and Discussion
Reduction of manufacturing cost and complexity is perhaps the most important crite-
ria for any disruptive material. Due to the relatively simple ternary structure, low melting
point, and high vapor pressure of Sb and Se, inexpensive sputter deposition of high qual-
ity, phase pure CuSbSe2 is simple and amenable to large areas using an excess flux/self-
regulated growth technique. We first demonstrated the success of this process for CuSbS2,
[115]establishing a temperature and flux window where-in the phase pure material can be
deposited with fine scale control of defect chemistry, and thus, doping density. We then re-
ported that the process translates well to phase pure deposition of the CuSbSe2,5 [117]with
only a slight increase to the substrate temperature required due to the higher sublimation














































































Figure 7.1: (a) Histogram analysis of two combinatorial libraries grown at substrate tem-
peratures above (red), and below (blue), the Sb2Se3 sublimation temperature. (b) The
temperature/time growth process detailing the Sb-rich nucleation and cooling steps, as well
as sputter gun start/end time and typical powers (right axis).
CuSbSe2 films are grown on 2x2 inch glass substrates using equidistant Sb2Se3 and Cu2Se
sputter targets. The resulting films are then measured for Cu, Sb, and Se incorporation by
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X-ray fluorescence (XRF) along 4 rows of 11 points each (44 total points) yielding a surface
map of composition for each substrate. A histogram analysis of this XRF data from two
different substrates is shown in Figure 7.1a. The substrate grown at 330◦C shows a broad
compositional range, all Sb-rich. This result is expected for the higher Sb2Se3 sputter power
used in the deposition, as shown in Figure 7.1b. However, when the substrate temperature is
raised to 410◦C, for the same sputter power ratio, the stoichiometry for the entire substrate
sharpens to a single value (Cu/(Cu+Sb+Se)=0.25) corresponding to phase pure CuSbSe2,
with the exception of a few points which have decomposed to Cu-rich stoichiometry. This
process exploits the difference in sublimation temperatures of the CuSbSe2 and the Sb2Se3
impurity phase. Sb2Se3 has a lower sublimation temperature than CuSbSe2, and will there-
fore evaporate out of the film once this temperature is reached, leaving only phase pure
CuSbSe2. The process is further enhanced by ensuring Sb-rich conditions at film nucleation
(stage 1, Figure 7.1b) and during film cooling (stage 3, Figure 7.1b). Stage 1 reduces the
likelihood of nucleating Cu-rich phases, and stage 3 ensures the deposited CuSbSe2 does not
decompose to Cu-rich phases. Further details and discussion of this deposition process are
available in the previously mentioned publications.[115, 117]
7.3.1 Control of Composition
The phase pure material grown at higher substrate temperature can be tuned from Sb-
rich to Cu-rich by varying the sputter power ratio of the Sb2Se3 and Cu2Se targets. Even at
elevated temperature, a very high oversupply of Sb2Se3 flux can still result in some Sb2Se3
impurity phase, and likewise, a lower oversupply of Sb2Se3 can result in decomposition to
Cu-rich phases during the stage-2 growth. It is important to note, Sb2Se3 must always
be supplied in excess (greater flux than is necessary to grow stoichiometric material), as
stipulated in Figure 7.1b. In the case of Cu-rich impurity phase formation, the Sb2Se3
supplied is still excess, it is just not sufficient to match the flux of Sb2Se3 sublimating from
the growing film, resulting in an overall Sb-poor/Cu-rich environment. The implicit result
here is that CuSbSe2 does not evaporate congruently, as Sb2Se3 can evaporate from phase
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pure CuSbSe2, forcing decomposition of the desired phase.
Figure 7.2a displays this phase progression from Sb-rich to Cu-rich, with x-ray diffrac-
tion (XRD) data for the same 4x11 mapping grid discussed above. The data is from two
films, both grown at identical, elevated substrate temperature, but by slightly different
Sb2Se3/Cu2Se power ratios. The data is displayed as a color-scale plot against both 2θ
and XRF stoichiometry. It should be noted that the two films display phase pure material
over the majority of the substrate, just as in the red colored data Figure 7.1a, so many of
the XRD patterns overlap one another along the Cu/(Cu+Sb+Se)=0.25 line. As reported
previously,[117] these stoichiometric data points match very well to CuSbSe2 PDF 04-016-
9458 over the 2θ region analyzed. Cu-rich data points show evidence of the Cu3SbSe3 phase,
with peaks at 2θ=33.10, 33.82, and 43.03 degrees, and some points suggest even further
decomposition to a Cu1.80Se impurity phase[152] with peaks at 2θ=26.78 and 44.45 degrees.
Sb-rich data points show clear evidence of only the Sb2Se3 impurity phase[153] with peaks
at 2θ=31.27, 35.72, and a broad combination of peaks centered at 45.20 degrees.
Raman spectra for the same substrates, over the same compositional variation, allow a
finer examination of the reviewed phase progression. Figure 7.2b displays a subset of Raman
data, not all 44 points, but just those that span the range of phase pure material, from Cu-
rich to Sb-rich (22 total spectra). This includes 11 data points from the Sb-rich substrate,
and 11 data points from the Cu-rich substrate, with some overlap in the middle where they
share identical flux ratios. The spectra are plotted in color-scale against Sb2Se3/Cu2Se flux
ratio to illustrate the breadth of the flux ratio window that produces phase pure material, in
this case, ratios between 1.6 and 2.1 at the deposition temperature of 410◦C. Sb2Se3/Cu2Se
flux was calculated, as previously described,[117] by the product of RF power and target-
to-substrate distance for each source, and assuming an equal sputter flux from all targets.
Figure 7.2b and c also allow an identification of Raman peaks correlated to Cu-rich and Sb-
rich impurities. The phase pure material (black, Figure 7.2c) is taken to have small peaks at



















































































Figure 7.2: (a) Color-scale XRD patterns displayed as a function of stoichiometry show
evidence of Cu3SbSe3 and Cu1.8Se phases for Cu-rich material, and Sb2Se3 impurities for Sb-
rich material. Likewise, Raman spectra in (b) show the onset of a shoulder at 200cm−1 for Cu-
rich material, and a peak at 190 cm−1 for Sb-rich material depending on the Sb2Se3/Cu2Se
flux ratio. For clarity, fewer spectra from the same dataset are displayed in (c) with a more
traditional axis.
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213.6 cm−1. This result is similar to literature reported values for the hydrazine processed
CuSbSe2 films,[38] but with a 13 cm
−1 offset and one missing peak. We find flux ratios
greater than 2.1 results in Sb-rich stoichiometry, and are also associated with the onset of a
peak at 190.4 cm−1, (yellow-orange, Figure 7.2c), which we therefore attribute to the Sb2Se3
impurity phase. Likewise, for lighter Sb2Se3/Cu2Se flux ratios of 1.5 or less, the result is
Cu-rich stoichiometry, and an associated Raman shoulder appears at 204.0 cm−1, (green,
Figure 7.2c), which we therefore attribute to the Cu-rich, Cu3SbSe3 phase.
7.3.2 Control of Electrical Properties
Having established the phase progression and quantified the size of the deposition win-
dow, it is now important to explore how the electrical properties vary within the range of
processing flux available. Because Sb2Se3 is kept in the vapor phase, control of the Sb2Se3
flux is analogous to control of oxygen partial pressure to effect carrier concentration levels
in the synthesis transparent conductive oxides.[154, 155] As the flux ratio varies between
Sb2Se3/Cu2Se ratios of 1.6 and 2.1, there are likely to be subtle changes in the defect chem-
istry, which will control the majority carrier concentration of the phase pure material. In
turn, the carrier concentration dictates the Fermi level of the semiconductor through the
relationship EF = EFi − kBT ln(p0/ni), where EF is the Fermi level, EFi is the intrinsic
Fermi level (no dopants/near midgap), kB is Boltzmanns constant, T is the operational or
measurement temperature (typically near 300K), p0 is the majority hole concentration (as-
suming p-type), and ni is the intrinsic carrier concentration. The Fermi level is critical to
many aspects of device physics, and so understanding how to control carrier concentration
will plays a critical role in engineering an optimal device.
Figure 7.3a displays the results of four point probe measurements of conductivity using
the same 22 data points previously analyzed by Raman spectroscopy, plus an additional 22
data points that span the same stoichiometric material. Flux ratio data is overlaid as a color
scale to better compare with Raman data. In this case, the ideal flux ratios between 1.6-2.1

























































Figure 7.3: (a) For a uniform substrate temperature of 410◦C, stoichiometric CuSbSe2 grown
with Sb2Se3/Cu2Se sputter flux ratios between 1.6-2.0, displays conductivity between 20-100
mS/cm. (b) Transient absorption at 805 nm reveal an electron lifetime of 190 ps, with a
small trap state signal at 12 ps. (c) THz spectroscopy indicates a hole mobility of ∼12
cm2/Vs, translating to a hole density of 1x1017 cm−3 using the conductivity values from (a).
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for these points is seen to vary between 20 and 100 mS/cm. In order to better identify
the trend in conductivity with flux ratio, Figure 7.3c focuses on the transition from phase
pure material to Sb2Se3 impurities, showing 22 data points as a function of flux ratio, with
stoichiometry as the color scale. In this case, ideal stoichiometry is displayed as red colored
dots, and the gray shaded region depicts the ideal flux ratios of 1.6-2.1. A clear trend of
decreased conductivity with increased flux ratio is evident (dashed line is to guide the eye),
until the formation of Sb2Se3 impurities, where conductivity then flattens to a single value
of 10 mS/cm. This indicates that some degree of conductivity tuning is possible by varying
the flux ratio during deposition of phase pure material, likely due to a change in the defect
chemistry.
To better parse the question of carrier transport in this material, phase pure CuSbSe2 was
analyzed by transient absorption and terahertz (THz) spectroscopy, shown in Figure 7.3b
and d respectively. Transient absorption reveals a minority carrier lifetime of 190 ps, with a
small initial slope characteristic of some trap states leading to initial carrier lifetimes of 12 ps.
Compared to CIGS or CdTe,[156] this is a short minority carrier lifetime and should therefore
lead to short carrier diffusion lengths. Additionally, THz spectroscopy in Figure 7.3d reveals
good delocalization of charge carriers by the positive imaginary component, and a majority
carrier mobility of about 12 cm2/Vs. There is an anomaly at 1.8 THz which may be due
to heating of sample at high pump intensities. This mobility, combined with conductivity
data, suggests tunable majority hole carrier densities on the order of 1015-1017 cm−3 by
the p = µhσe relationship, where p is hole density, µh hole mobility, σ conductivity, and e
the fundamental charge. This result is similar to what we found for the analogous sulfide
material, CuSbS2.[115] Overall, the pump/probe analysis is positive for CuSbSe2, but does
indicate short carrier diffusion lengths as a potential weakness in PV applications.
7.3.3 Device Fabrication and Performance
To better address the potential of CuSbSe2 as a thin film PV material, we fabricated
prototype solar cells borrowing the traditional CIGS/CZTS substrate architecture. This was
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done for two reasons. First, as a copper chalcogenide, CuSbSe2 is very similar chemically
and electrically to CuInSe2, and therefore contacts optimized for CuInSe2 are likely to be a
good first approximation of ideal contacts for any CuSbSe2 device. Second, there is a long
history and investment in these contacts at NREL, which can ensure stable, reproducible
results for the front and back contacts, allowing a focused exploration of only the absorber
layer variables. This common device stack is illustrated in the inset of Figure 7.4a, including
a depiction of the inner two rows of our mapping grid. Each grid point contains one ∼0.5cm2
device, each depicted with one Ni/Al contact pad. The data reported in this paper is only
for the inner two rows of nine devices each, because devices near the edge of the substrate
were found to have consistently anomalous behavior, and are therefore excluded as outliers.
This is likely due to small temperature irregularities associated with contact to the substrate
clamp. The flux gradient, described in detail in the previous sections, was also applied to
the absorber layers incorporated into devices and is depicted as a black arrow in the inset
illustration. This flux gradient resulted in the same compositional trends discussed for the


























































Figure 7.4: (a) JV plots from a typical combinatorial library, which span a sputter flux
gradient. The (inset) shows an exploded diagram of the device layers for each library. The
same data is then used to plot (b) JSC and (c) VOC as a function of stoichiometry, when
combined with the corresponding XRF data from each device.
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The current-voltage (JV) plot in Figure 7.4a shows an initial set of 9 devices, with varying
Sb2Se3/Cu2Se flux ratio of 1.4 to 2.0. The color-scale legend in Figure 7.4a applies to all
graphs in the figure. It is important to note, the Mo coated SLG substrate used in device
fabrication has higher thermal conductivity compared to that of the borosilicate glass used
in the previous section. This resulted in a slightly lower heater setpoint to achieve similar
substrate temperatures, and therefore slightly different ideal flux boundaries for phase pure
material. The nine JV curves are difficult to parse, but are displayed here as an example
to help elucidate the methodology. Short circuit current (JSC) and open circuit voltage
(VOC) are pulled from these JV curves, and then used for the analysis in Figure 7.4b and
Figure 7.4c, where they are plotted against the already discussed composition variation and
allow easy identification of device performance. In the case of JSC, displayed in Figure 7.4b,
as the composition transitions from Sb2Se3 rich to stoichiometric, there is a very clear spike
in photocurrent. The photocurrent then falls dramatically to zero with the onset of Cu-rich
impurities. This trend is very instructive, as it demonstrates two important conclusions.
First, Sb2Se3 impurities are not so deleterious to the device as to shut down photocurrent
completely, as is the case with the Cu-rich impurities. Second, it reveals there is an important
parameter controlling photocurrent for phase pure material, since many of the phase pure
points display both high and low photocurrent. Figure 7.4b displays VOC data from the same
set of JV curves. Again, there are two similar and very clear trends. Sb2Se3 impurities do not
seem to have any negative effect on VOC, suggesting they do not act as carrier recombination
centers. Additionally, there is a sharp VOC turn-off at the onset of Cu-rich impurities, likely
associated with shunt paths created by the more conductive impurity phase. In summary,
on the course scale of the compositional gradient, stoichiometric, phase pure CuSbSe2 shows
the most potential, requiring a finer scale investigation to reveal the cause of the increased
photocurrent.
For this finer scale analysis, we again turn to an investigation of just the phase pure
material, and investigate device metrics dependence on flux ratio. A new combinatorial
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library was grown specifically for this investigation, with an optimized growth process capable
of a wider spatial spread of phase pure material, such that phase pure CuSbSe2 covered the
entire substrate. This was accomplished with a slightly lower deposition temperature, closer
to, but still above, the sublimation temperature of Sb2Se3. The slightly lower substrate
temperature required less excess Sb2Se3 flux to compensate for the lower amount of Sb2Se3
evaporating from the growing film, therefore utilizing in lower Sb2Se3/Cu2Se flux ratios
between 1.0 and 1.3. The flux ratio analyzed is also smaller in magnitude (gun powers were
set closer to unity), to accomplish a finer scale resolution.
Figure 7.5a displays a detailed analysis of photocurrent dependence on flux ratio in the
form of external quantum efficiency (EQE) measurements. EQE spectra were taken for
each of the nine devices along one row of the combinatorial library, and each spectra is
assigned a color associated with the flux ratio. The other row displayed the same trend,
but is not displayed for clarity. First, it should be noted that the general EQE shape is not
ideal, with low collection in the mid-to-longer wavelengths. This suggests the material is has
short minority carrier diffusion lengths, as collection is mainly by drift. This is consistent
with the short minority carrier lifetimes revealed by transient absorption discussed earlier.
Given that, there are two interesting trends with flux ratio, both of which are also plotted
directly against flux ratio in Figure 7.5b. The first is a slight drop in the absorption of
short wavelength photons, perhaps attributed to variations in the thickness of the chemical
bath deposited CdS buffer layer. The second more interesting trend is a strong increase in
collection of mid-wavelength photons, (750nm), with increased flux of Sb2Se3. Also included
in Figure 7.5b is a plot of JSC for these devices on the right axis, revealing the 750 nm trend
to be the dominant effect. This trend suggests the effect of additional Sb2Se3 flux is one of
two possibilities; increased minority carrier diffusion lengths, or enhanced drift collection of
charge carriers.
To clarify which of two phenomena were responsible for the enhanced collection, capacitance-
voltage (CV) experiments were also performed on each device. The CV results are plotted
87
in Figure 7.5d, showing a decrease in hole concentration with increasing Sb2Se3 flux, and
likewise, an increase in depletion width (W ). It therefore seems the increase in mid-energy
collection is due to enhanced drift collection at higher Sb2Se3 flux. This conclusion is further
illustrated in Figure 7.5c, which shows enhanced photocurrent (JSC) for longer depletion
widths. Diffuse collection is not dependent on the size of the depletion width, so this is
further evidence that drift is the primary method of collection in these devices. This is
the less promising explanation for the enhanced EQE performance, as increased depletion
widths/decreased carrier concentration comes with undesirable effect on VOC. As the mate-
rial becomes more intrinsic, the Fermi level moves towards midgap, lowering the magnitude
of quasi-fermi level splitting, or VOC. Indeed, these devices do show a drop in VOC for
increased Sb2Se3 flux, which correlates well with the CV carrier concentration values, as
shown in Figure 7.5e. This result is also consistent with the previously discussed trend in
conductivity, where increased Sb2Se3 flux results in lower conductivity associated with lower
carrier concentrations. The end result is a trade-off between JSC and VOC, controlled by the
















































































































Figure 7.5: (a) EQE spectra from devices with absorbers grown under graded sputter power
conditions show an increase in 750 nm collection and a slight decrease in 400 nm collection;
overall JSC is dominated by the 750 nm trend (b). This JSC trend is explained by CV results
(c), which show depletion width (W) and majority hole concentration (p) are controlled by
Sb2Se3/Cu2Se flux ratio. As expected for a drift device, (d) more carriers are collected for
larger depletion widths, and simultaneously, (e) VOC is reduced.
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As with any trade-off scenario, an optimized balance can be achieved within the defined
constraints. In this case, we were able to deposit films that had carrier concentrations low
enough to collect photocurrents in the range of 25 mA/cm2, while still maintaining reasonable
VOC values. Figure 7.6a displays the result of these efforts; a champion device achieving 4.7%
efficiency, with a VOC of 336 mV, JSC of 26.3 mA/cm
2, and fill factor (FF) of 53%. Devices
with greater photocurrent were possible, up to 28 mA/cm2, but always with lower VOC
values, and likewise, higher VOC values were possible, but only with lower photocurrent.
Also included in Figure 7.6a is a summary of small device fabrication steps, which lead to
a one percentage point increase in efficiency. These included a MgF anti-reflection coating
commonly used for CIGS devices. The coating does not seem to work particularly well for
CuSbSe2, as the completed device appears orange in color, so perhaps further improvement
could be gained with better anti-reflection layers. We also investigated a 20-minute light
soak, but it seemed to have no effect on performance. Finally, our device fingers are not yet
optimized and there is some series resistance associated with transport through the TCO.
When the device area was reduced by mechanical scribe isolation from ∼0.5cm2 to ∼0.2cm2,
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Figure 7.6: (a) JV curves from the best device show increased efficiency for small device
engineering changes. (b) Deposition onto thin (20 nm) NaF precursor layers produced the
best VOC values and similar efficiency.
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Finally, Na incorporation was investigated in an effort to break out of the VOC/JSC
trade-off by increasing minority carrier diffusion lengths. Because CuSbSe2 is deposited at
temperatures much lower than CIGS, it is likely to receive much less Na incorporation from
the soda lime glass substrate. Due to the similar chemistry of CuSbSe2 and CuInSe2, we
speculate that Na is likely to have a beneficial effect on the performance of CuSbSe2. As
a very preliminary investigation of this idea, we did find deposition on thin 20 nm NaF
precursor layer enhanced VOC by about 50 mV, shown in Figure 7.6b, possibly associated
with reduced grain boundary recombination. However, the benefits of Na incorporation are
limited, as the EQE results (inset) show the same low collection at long wavelengths. At
least initially, Na incorporation may hold some promise, but will require much more detailed
investigations.
7.4 Conclusions
The results of this investigation show that CuSbSe2 has promise as a novel photovoltaic
absorber material, though it does have challenges associated with short minority carrier dif-
fusion lengths. We have identified the short minority carrier lifetime by transient absorption,
as well as the resulting poor collection of longer wavelength, deeper penetrating photons. In
this way, we have shown that the Mo/CuSbSe2/CdS/ZnO device is essentially a drift device,
suffering from the associated trade-off between carrier collection and open circuit voltage.
It may be possible to resolve the carrier transport issues through more in-depth research
and engineering, but there is still a larger and more important conclusion. This work has
demonstrated that there are still un-explored semiconducting materials that can achieve
reasonable photon-to-current conversion, while also meeting the five important criteria for
any disruptive solar technology -high efficiency, low material usage, low manufacturing cost,
low manufacturing complexity, and high durability. By building on the solid foundation of
historical thin film research and development, combined with accelerated research methods,
we have taken a completely novel material and demonstrated its promise, and drawbacks, in
a relatively short period of time. This positive initial result demonstrates that a calculated
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and deliberate search for disruptive materials can succeed, and therefore is important part




This chapter will summarize the specific contributions to the scientific community, their
salient points, overall lessons and how to best capitalize on the results to move the science
forward.
8.1 Summary of Accomplishments
As outlined in Chapter 2, previous to this work, there was not a lot known about CuSbS2
or CuSbSe2. This work represents the first dedicated effort to fully vet the materials for
photovoltaic applications, as such, there were a lot of valuable contributions to the scientific
community, which will be summarized in order of significance.
The first was an outline of the thin film phase map relevant to CuSbS2 growth, identi-
fying the Cu-rich and Sb-rich (Cu-poor) impurity phases and their respective effects on the
electro-optical properties of CuSb(S,Se)2. This result was somewhat predictable, consider-
ing the investment in spatially resolved characterization tools and data processing previously
optimized for just such results. This result is listed as least significant because it is likely
relevant only to researchers working on the CuSb(S,Se)2 material system, or perhaps those
studying RF sputter deposition from binary targets.
However, the first significant result of this work was the identification of a self-regulated
growth strategy capable of growing phase pure material with control of the electrical proper-
ties. The general conclusion is that a ternary material can be as easy to deposit as a binary
compound if one of the impurity phases is known to sublime congruently. This result was
demonstrated for both CuSbS2 and CuSbSe2, as it was known that Sb2Se3 also sublimes
congruently, but the lesson may extrapolate out to many other material systems. As noted
in Chapter 3, similar results have been previously reported (but were not fully investigated)
in sputter synthesis of the indium ternary selenide,[87] CuInSe2. Meaning, this work could
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help inform sputter deposition of CIGS, or even CuInSe2 bottom cells in tandem applications
(considering its low band gap). Finally, this lesson can advise theorists in the search for new
industrially relevant materials. If congruent sublimation of binary impurities is included in
the search criteria, theorists can more easily narrow a list of ternary materials to those that
may be more easily synthesized.
Additionally, this work contributes to our understanding how best to conduct device
experiments, as it is unique in its integration of combinatorial methods to device fabrica-
tion. There are other groups working on combinatorial all oxide photovoltaic devices,[114]
and groups working on combinatorial photoelectrochemical devices,[157] but this is the only
work focusing on thin film heterojunction devices. It is an important distinction because,
for optimal device performance, device contacts can be just as important as the absorber
itself.[158] This work represents the first combinatorial device investigation using mature con-
tacts, with decades of research and development already invested. As such, it is significant to
researchers looking to understand not only novel absorbers, but also heterojunction contacts
and combinatorial methods in general. We found that the combinatorial methodology does
transfer to device results, though not without a great deal of effort to ensure reproducibility.
Device are even more sensitive to processing parameters than phase, stoichiometry, optical
absorption, and conductivity. Those material parameters were much easier to reproduce,
quickly revealing consistent trends in the controlled deposition parameters, while device re-
sults were not immediately clear, due to smaller variables not readily apparent. For example,
we eventually were able to identify trends by focusing on a selection of devices in the center
of the library, indicating some edge effects, likely minor temperature gradients, seemed to
randomize device performance. The salient point is that devices are complex; controlling all
the variables for all layers of the device can be very difficult, especially in a combinatorial
application, though it is possible.
Finally, the most important contribution of this work is the achievement of its stated
goal, moving CuSb(S,Se)2 from an unknown to a well studied photovoltaic absorber. We
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established the world record efficiency for a CuSbSe2 device, but more importantly, were able
to identify the main limitation of the material (short carrier diffusion lengths) and a clear
path forward (devices not dependent on diffusion). This is relevant to the entire field of PV.
It helps researchers understand the importance and exceptionality of long diffusion lengths in
traditional PV materials, and also hints at a relationship between the diamond/zinc-blende
structure and long diffusion lengths.
8.2 Addressing the Low VOC
This work focused on identification of carrier transport limitations of CuSb(S,Se)2; a
kinetic shortfall of the material. At the same time, there is a large thermodynamic deficit in
open circuit voltage that is not specifically addressed by kinetics, or this thesis. To address
this issue, Lauryn Baranowski undertook a series of experimental investigations concerning
the band offsets of CuSbS2, shown in Figure 8.1.
Figure 8.1: Conduction band offsets between CuSbS2 and various ALD deposited buffer
layers identified by XPS sputter depth profiling.
The buffer layers were deposited by ALD to ensure precise, uniform thicknesses; a CBD
CdS layer was also analyzed for comparison. The valance band position was measured using
XPS sputter depth profiling, using the CuSbS2 valance band as the reference, conduction
bands were placed by optical band gaps. This data verifies the cliff-type conduction band
offset at the CuSbS2/CdS interface, as predicted by theory in Figure 5.6, and is therefore
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the likely source of the low VOC seen in devices. Electrons promoted to the conduction band
of CuSbS2 will have to thermalize down ∼0.5 eV as they move into the n-type CdS, thus
reducing the quasi-fermi level splitting by about a half eV. Figure 8.1 then goes on to show
an alloy of CdS and ZnS seems to offer the better conduction band alignment. This work is
ongoing, and while it pertains directly to the issue of CuSb(S,Se)2 heterojunction devices, it
is a separate effort and will be reported separately.
8.3 Reduction of Point Defects/Annealing
Near the midpoint of this project, the first CuSbS2 devices produced had good diode
response, but low efficiencies of about 0.5%, mainly due to low photocurrent. The first sus-
pected source of the low photocurrent was a high recombination rate, due to either deep level
defects associated with enhanced Shockly-Reed-Hall recombination,[159] or grain boundary
and surface recombination. Both of these sources of recombination would contrast with the
defect tolerance initially postulated for the material, (Figure 1.3), but experimental veri-
fication of defect tolerance was still required. To address this issue, Francisco Willian de
Souza Lucas undertook a study of CuSbS2 annealing parameters on device and materials
performance. The results of his study have been prepared as a draft manuscript, and will
be published separtely.
In summary, the anneals were able to control the occurrence of defects within the ma-
terial, but did not result in enhanced photocurrent. The experiments were conducted on
sputter deposited films, between 4-11 hours, at temperature between 300-500◦C. Films were
placed in quartz ampules under flow of N2 gas, with additional Sb2S3 powder (lower right
of Figure 8.2) added to increase the antimony and sulfur chemical potentials, similar to the
sputter deposition strategy. The resulting annealed films were characterized by the same
XRD, XRF, and 4pp experiments to verify phase purity, then made into devices. They were
found to be phase pure, just as the pre-anneal, as deposited films. Further PL analysis,
(Figure 8.2a-b) demonstrated a reduction in shallow defect levels associated with the an-
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Figure 8.2: PL response of sputter deposited films (a) show shallow defect levels (at 1.28
and 1.33 eV) consistent with bound, donor-acceptor recombination (c): γ < 1. In contrast,
annealed films (b) show only band edge recombination at 1.45 eV. The annealing setup is
illustrated in the lower right (d).
increase in photocurrent compared to the pre-anealled devices. This is consistent with the
understanding of defect tolerance, as the annealing had a large effect on the presence or
absence of defects states, yet did not seem to be critical photocurrent collection. In short,
the annealing study suggests the low photocurrent is more likely due to low minority carrier
diffusion, rather than high levels of recombination.
8.4 Overall Lessons
During the course of the project, there were many lessons learned on how similar efforts
might be improved. As an example, the deposition chamber was not well optimized for
absorber synthesis. RF sputtering from binary targets allow for easy synthesis of ternary
compounds, but a finer level of control is helpful in absorber/device synthesis. Specific control
of the chemical potential for each species can allow easy fine tuning the electrical properties
of an absorber. We were able to get around this with the self regulated growth strategy,
but because the chemical potential of the anion is not directly controlled, it was difficult
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to characterize the importance of anion vacancies. To alleviate this issue, the chamber
did have a sulfur effusion cell and capability to run on Ar + H2S. But, the effusion cell
was difficult to maintain, and the reductive power of ionized hydrogen added additional
variables. A combinatorial evaporation chamber might be more appropriate. It would have
the advantage of individual chemical potential controls, reduced film damage associated
with ion bombardment, reduced kinetic energy of species impinging on the substrate, lower
base pressures (less concern for extrinsic impurities), and in general, a better reputation for
high quality films allowing for a more thorough vetting of the materials with the scientific
community. There is still a small chance that CuSbSe2 films deposited by evaporation will
have less defects and lead to better charge transport.
Conversely, the chamber would have been optimized well for a similar project with a
slightly different goal; a materials survey rather than thorough materials vetting. The com-
binatorial methodology is so powerful, complete thin film phase maps were constructed
within the first two weeks of depositions. It would not have been difficult to follow up those
experiments with synthesis of phase pure material for all the possible phases: CuSb(S,Se)2,
Cu3Sb(S,Se)3, Cu3Sb(S,Se)4, and Cu12Sb4S13, complete devices, and report on those that
seemed to hold the most promise. For the reasons discussed above, and many others, the rate
of progressed slowed significantly when the project attempted to understand why CuSbS2
was not producing current. Effectively, the project was not optimized for elucidating the
device physics of new materials, it was optimized for quick material synthesis, and therefore,
best suited to a survey of materials. If, after a year of producing devices of all the phases
in the Cu-Sb-(S,Se) system, other cations could have also been explored, like the Cu-Bi-
(S,Se) system, or the Zn-Sb-(S,Se) system. In this way, the strengths of the combinatorial
methodology would have been better exploited. As it was, the single point, advanced charac-
terization techniques developed by preceding decades of thin film research and development
were able to help elucidate the device physics of CuSb(S,Se)2, but this was perhaps no longer
engaging in an accelerated development, rather, it was the standard development of another
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thin film material, but one for which there was a more limited time scale.
With that said, the most helpful advanced characterization tool seemed to be THz spec-
troscopy. The technique is able to quantify minority carrier lifetimes, trap density, and
majority carrier mobility with one measurement. If it can be incorporated into the combi-
natorial framework, perhaps researchers could combine the quick phase synthesis discussed
earlier, with combi-THz, to very rapidly identify materials with long carrier lifetimes. The
difficult task of device integration could then be reserved only for those most promising
phases.
8.5 Paths Forward
As stated previously, there seems to be no reason to move forward with the development
of CuSb(S,Se)2 devices. The evidence of short diffusion lengths is strong, and this is not
an easy problem to fix. Rather, researchers should build on the combinatorial methodology
to continue the search for novel, scalable solar energy materials. Producing a 4.7% efficient
device is not overly impressive, but it does show promise not necessarily in the material
itself, but rather in the search for new materials. This result, and the recent breakthroughs
in perovskite solar cells, demonstrates that the Adams and Day’s photovoltaic effect is not
limited to three or four choice materials. Like any material property, ductility, conductivity,
reflectivity, fluorescence, etc., photovoltaic efficiency is likely to show up in a wide variety of
materials to various different degrees. The best path forward for this work, is to continue to
quantify the degree of photovoltaic efficiency in a wide variety of unexplored materials, using
either wholesale device integration or by THz spectroscopy. This effort will pay dividends
either by identifying cheaper, more scalable materials better suited to meet the TW challenge,
or by enlightening the structure property relationships critical to the photovoltaic effect by
simply expanding the range of structures with a quantified PV response.
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[12] KW Böer. The Cds/Cu2S Solar Cell I. Minority Carrier Generation and Transport in
the Cu2S Emitter. physica status solidi (a), 40(2):355–384, 1977.
[13] LL Kazmerski, FR White, and GK Morgan. Thin-film CuInSe2/CdS heterojunction
solar cells. Applied Physics Letters, 29(4):268–270, 1976.
[14] Andriy Zakutayev, Christopher M Caskey, Angela N Fioretti, David S Ginley, Julien
Vidal, Vladan Stevanovic, Eric Tea, and Stephan Lany. Defect tolerant semiconductors
for solar energy conversion. The Journal of Physical Chemistry Letters, 5(7):1117–1125,
2014.
[15] Stefano Curtarolo, Wahyu Setyawan, Shidong Wang, Junkai Xue, Kesong Yang,
Richard H Taylor, Lance J Nelson, Gus LW Hart, Stefano Sanvito, Marco Buongiorno-
Nardelli, et al. Aflowlib. org: A distributed materials properties repository from high-
throughput ab initio calculations. Computational Materials Science, 58:227–235, 2012.
[16] Emil Makovicky and BJ Skinner. Studies of the sulfosalts of copper VII, crystal struc-
tures of the exsolution products Cu12.3Sb4S13 and Cu13.8Sb4S13 of unsubstituted syn-
thetic tetrahedrite. The Canadian Mineralogist, 17(3):619–634, 1979.
[17] Brian J Skinner, Frederick D Luce, and Emil Makovicky. Studies of the sulfosalts of
copper iii; phases and phase relations in the system cu-sb-s. Economic Geology, 67(7):
924–938, 1972.
[18] L Taras Bryndzia and Andrew M Davis. Liquidus phase relations on the quasi-binary
join cu 2 s-sb 2 s 3; implications for the formation of tetrahedrite and skinnerite.
American Mineralogist, 74(1-2):236–242, 1989.
[19] Arno Pfitzner, M Evain, and V Petricek. Cu12sb4s13: A temperature-dependent
structure investigation. Acta Crystallographica Section B: Structural Science, 53(3):
337–345, 1997.
[20] GG Long, JG Stevens, LH Bowen, and SL Ruby. The oxidation number of antimony
in antimony pentasulfide. Inorganic and Nuclear Chemistry Letters, 5(1):21–25, 1969.
[21] Anubhav Jain, Shyue Ping Ong, Geoffroy Hautier, Wei Chen, William Davidson
Richards, Stephen Dacek, Shreyas Cholia, Dan Gunter, David Skinner, Gerbrand
Ceder, et al. Commentary: The materials project: A materials genome approach
to accelerating materials innovation. APL Materials, 1(1):011002, 2013.
[22] Melanie Kirkham, Paul Majsztrik, Eric Skoug, Donald Morelli, Hsin Wang, Wallace D
Porter, E Andrew Payzant, and Edgar Lara-Curzio. High-temperature order/disorder
transition in the thermoelectric cu 3 sbse 3. Journal of Materials Research, 26(15):
2001–2005, 2011.
100
[23] F. Machatschki. Praezisionsmessungwn der Gitterkonstanten verschiedener Fahlerze.
Formel und Struktur derselben. Norsk Geologisk Tidsskrift, 10:23–23, 1928.
[24] Harold J Whitfield. Polymorphism in skinnerite, Cu3SbS3. Solid State Communica-
tions, 33(7):747–748, 1980.
[25] Pietro Maiello, Guillaume Zoppi, Robert W Miles, Nicola Pearsall, and Ian Forbes.
Chalcogenisation of cu–sb metallic precursors into cu 3 sb (se x s 1- x) 3. Solar Energy
Materials and Solar Cells, 113:186–194, 2013.
[26] Prashant K Sarswat and Michael L Free. Enhanced photoelectrochemical response
from copper antimony zinc sulfide thin films on transparent conducting electrode.
International Journal of Photoenergy, 2013, 2013.
[27] Joel van Embden, Kay Latham, Noel W Duffy, and Yasuhiro Tachibana. Near-infrared
absorbing cu12sb4s13 and cu3sbs4 nanocrystals: Synthesis, characterization, and pho-
toelectrochemistry. Journal of the American Chemical Society, 135(31):11562–11571,
2013.
[28] Karthik Ramasamy, Hunter Sims, William H Butler, and Arunava Gupta. Selective
nanocrystal synthesis and calculated electronic structure of all four phases of copper–
antimony–sulfide. Chemistry of Materials, 26(9):2891–2899, 2014.
[29] Liping Yu, Robert S Kokenyesi, Douglas A Keszler, and Alex Zunger. Inverse design
of high absorption thin-film photovoltaic materials. Advanced Energy Materials, 3(1):
43–48, 2013.
[30] C Garza, S Shaji, A Arato, E Perez Tijerina, G Alan Castillo, TK Das Roy, and
B Krishnan. p-type cusbs 2 thin films by thermal diffusion of copper into sb 2 s 3.
Solar Energy Materials and Solar Cells, 95(8):2001–2005, 2011.
[31] Diego Colombara, Laurence M Peter, Keith D Rogers, Jonathan D Painter, and Scilla
Roncallo. Formation of cusbs 2 and cusbse 2 thin films via chalcogenisation of sb–cu
metal precursors. Thin Solid Films, 519(21):7438–7443, 2011.
[32] Y Rodrıguez-Lazcano, MTS Nair, and PK Nair. Cusbs 2 thin film formed through
annealing chemically deposited sb 2 s 3–cus thin films. Journal of Crystal Growth, 223
(3):399–406, 2001.
[33] Wilman Septina, Shigeru Ikeda, Yuta Iga, Takashi Harada, and Michio Matsumura.
Thin film solar cell based on cusbs 2 absorber fabricated from an electrochemically
deposited metal stack. Thin Solid Films, 550:700–704, 2014.
101
[34] Bo Yang, Liang Wang, Jun Han, Ying Zhou, Huaibing Song, Shiyou Chen, Jie Zhong,
Lu Lv, Dongmei Niu, and Jiang Tang. Cusbs2 as a promising earth-abundant photo-
voltaic absorber material: a combined theoretical and experimental study. Chemistry
of Materials, 26(10):3135–3143, 2014.
[35] Yongsheng Zhang, Vidvuds Ozolins, Donald Morelli, and Christopher Wolverton. Pre-
diction of new stable compounds and promising thermoelectrics in the cu–sb–se system.
Chemistry of Materials, 26(11):3427–3435, 2014.
[36] Yike Liu, Jia Yang, Ening Gu, Tiantian Cao, Zhenghua Su, Liangxing Jiang, Chang
Yan, Xiaojing Hao, Fangyang Liu, and Yexiang Liu. Colloidal synthesis and characteri-
sation of cu 3 sbse 3 nanocrystals. Journal of Materials Chemistry A, 2(18):6363–6367,
2014.
[37] AM Fernandez and JA Turner. Preparation and photocharacterization of cu–sb–se
films by electrodeposition technique. Solar energy materials and solar cells, 79(3):
391–399, 2003.
[38] Ding-Jiang Xue, Bo Yang, Zhen-Kun Yuan, Gang Wang, Xinsheng Liu, Ying Zhou,
Long Hu, Daocheng Pan, Shiyou Chen, and Jiang Tang. CuSbSe2 as a potential
photovoltaic absorber material: Studies from theory to experiment. Advanced Energy
Materials, 2015.
[39] Ding Tang, Jia Yang, Fangyang Liu, Yanqing Lai, Jie Li, and Yexiang Liu. Growth and
characterization of CuSbSe2 thin films prepared by electrodeposition. Electrochimica
Acta, 76:480–486, 2012.
[40] Andriy Zakutayev, John D Perkins, Philip A Parilla, N Edwin Widjonarko, Ajaya K
Sigdel, Joseph J Berry, and David S Ginley. Zn–ni–co–o wide-band-gap p-type con-
ductive oxides with high work functions. MRS Communications, 1(01):23–26, 2011.
[41] Archana Subramaniyan, John D Perkins, Ryan P OHayre, Stephan Lany, Vladan
Stevanovic, David S Ginley, and Andriy Zakutayev. Non-equilibrium deposition of
phase pure cu2o thin films at reduced growth temperature. APL Materials, 2(2):
022105, 2014.
[42] John P Perdew, Kieron Burke, and Matthias Ernzerhof. Generalized gradient approx-
imation made simple. Physical review letters, 77(18):3865, 1996.
[43] Georg Kresse and Jürgen Furthmüller. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Physical Review B, 54(16):11169,
1996.
102
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APPENDIX A - SUPPLEMENTARY MATERIALS FROM CHAPTER 4
This appendix Figure A.1 contains supplementary material for the publication encom-
passing Chapter 4.
Figure A.1: Experimental XRD patterns matched to ICSD reference patterns for the work
reported in Chapter 4.
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APPENDIX B - SUPPLEMENTARY MATERIAL FROM CHAPTER 5
This appendix, Figure B.1 and Figure B.2 contains supplementary material for the
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Figure B.1: (a) The results of C-V measurements of the CuSbS2 PV devices, showing ∼100
nm depletion width. (b) Modeled absorbance of CuSbS2 layers with 20 nm and 500 nm









Figure B.2: (a) Infrared, optical, and dark lock-in thermography images of shunting along
the scribe edge of PV devices with Pt back contact. (b) Scanning electron microscopy images
of micro-spike growth of CuSbS2 with Au back contact.
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APPENDIX C - SUPPLEMENTARY MATERIAL FROM CHAPTER 6
This appendix contains supplementary material for the publication encompassing Chap-
ter 6.
Absorber synthesis details: For CuSbSe2 absorber synthesis, we leverage our recently
established combinatorial approach to absorber materials research and PV device develop-
ment, initially demonstrated on the example of the related CuSbS2 materials. Depositions
were performed in a sputtering chamber with 3x10-3 Torr of Ar and 10-7 Torr base pressure.
The films were grown from 2 Sb2Se3 and 1 Cu2Se targets, each 50 mm in diameter. The
absorbers were deposited on 50x50 mm soda lime glass (SLG), or SLG/Mo substrates held
at 350-410◦C during the deposition, and cooled/heated in excess Sb2Se3 flux.
Device fabrication details: The CuSbSe2 PV devices were fabricated by DC sputter de-
position of a bilayer Mo on SLG substrates, followed by sputter-deposition of the CuSbSe2
absorber deposition as described above. The front contact was formed by chemical bath
deposition of CdS buffer layer, with subsequent RF sputter deposition of the i-ZnO/ZnO
stack and e-beam evaporation of Ni:Al metal fingers and MgF antireflection coating. The
devices from contacts were isolated from each other by razor blade scribing.
Characterization details: The resulting combinatorial libraries of the absorber material
and PV devices were studied by spatially-resolved characterization techniques, including
AM 1.5G JV measurements of the device performance (calibrated by Si reference cell), X-
ray diffraction (XRD) for absorber crystallographic structure and phase composition, x-ray
fluorescence (XRF) for absorber chemical composition and thickness (as verified by Dektak
profilometer). For several selected points on the libraries we also measured optical absorption
properties, cross-section scanning electron microscopy (SEM), external quantum efficiency
(EQE), and capacitance-voltage (CV) analysis. Data processing for all tools was done with
custom routines implemented in IgorPro software package.
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Computational details: The ab initio calculations in this work were performed with the
Vienna Ab initio Simulation Package (VASP) using the projector-augmented wave (PAW)
implementation of density functional theory (DFT)[140] and many-body perturbation the-
ory in the GW approximation.[125] The Perdew-Burke-Ernzerhof (PBE) generalized gradi-
ent approximation (GGA) was used for the DFT exchange-correlation functional.[42] The
GGA+U method[124] with U = 5 eV was employed to for Cu-d orbitals. The detailed com-
putational settings used for the GW band gap calculations are identical to those published
before, including the use of an onsite-potential to account for the underbinding of Cu-d
states in GW.[126] The optical spectra including excitonic effects were calculation within
time-dependent DFT, using a hybrid functional kernel[160] with a fraction of Fock exchange
of α = 1/ǫ, where ǫ = 13 is the static electronic dielectric constant obtained from the GW
calculation.
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APPENDIX D - SUPPLEMENTAL PERMISSION FILES
This appendix contains Table D.1 which identifies and describes four supplementary
electronic files regarding copyright and co-author permissions for the publication of materials
included in the thesis. Chapter 4-6 have all been published, or have been accepted for
publication, and it is therefore necessary to indicate the author has permission from the
publishers to reprint the work in the form of this thesis. Additionally, some direct and
indirect work of co-authors, as noted in the main body, appears in Chapters 4-8. The co-
authors have been explicitly contacted for their permission to included the work in this
thesis. Each co-author’s written permission is included as a supplementary file.
Table D.1: List of supplementary permission files.
File Name Description
SolMat permissions.pdf Publishing agreement for text of Chapter 4. The
author’s retained right to publish as a scholarly
posting is highlighted in yellow.
Prog Photo permissions.pdf Publishing agreement for text of Chapter 5. The
author’s retained right to publish the work is high-
lighted in yellow.
APEX permissions.pdf Publishing agreement for text of Chapter 6. The
author’s retained right to publish as future works
or derivatives is highlighted in yellow.
co-author permissions.pdf Written permission to include contributions from
co-authors is provided as an email chain.
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